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(57) Abstract: A wearable motion tracking system (12) for capturing a relative position between a first body part (101) and a second 
body part (103) of said user (100) comprising a first measurement device) 120a), a second measurement device (121a) and a computing 
device (150) that are configured such as to obtain by said computing device (150) a plurality of measurements between said first and 
second measurement devices (120a, 121a). Based on the plurality of measurements that comprises at least one distance measurement 
between said first and second measurement devices (120a, 121 a) said computing device (150) is configured to compute, in three dimen
sions, a position of said second measurement device (121a) relative to said first measurement device (120a) for tracking the position of 
said second body part (103) relative to said first body part (101). The present invention further relates to a method of motion tracking.
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TITLE

WEARABLE MOTION TRACKING SYSTEM

TECHNICAL FIELD

The present invention relates to a wearable motion tracking system for capturing a relative 

position between a first body part of a user, preferably a head or a torso, and a second body 

part of said user, preferably a upper limb, wrist or a hand. Moreover, the present invention 

relates to a method for capturing the relative position between the first and second body 

parts for tracking the position of the second body part relative to the first body part. The 

resulting data may be implemented, preferably in real-time (with low latency) into a virtual 

environment. The present invention may be used to establish a link from a human being 

into a virtual environment.

PRIOR ART

Tracking the human body motion is used in many different applications. The filming 

industry captures motions to render virtual characters in movies. In sports, capturing a 

specific motion can give feedback about the correctness of the same. In healthcare, motion 

data can provide information about the health state of a patient. Also, motion data can be 

used to interact with a virtual environment in a natural way.

There are a couple of systems aiming on motion capturing using external 

references. US 7,633,521 uses a set of cameras placed in the environment of the user, 

capturing positions of retroreflectors attached to the user’s limbs. This approach provides 

an accurate and fast way to compute positions of limbs by triangulation. However, the 

stationary, inflexible setup requires space, free line-of-sight and thus restricts the mobility 

of the user, lowering the appeal of such systems in home consumer products. Furthermore, 

the required calibration is clearly not suitable for non-professional applications.

US 2016 131761, US 2008 0261693 Al, US 2009 0054147 Al and 

US 2009 0170601 Al use a similar approach: They deploy an external reference device, 
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consisting of an arrangement of sensors (e.g. image sensors and/or ultrasonic transducers), 

capable of tracking the sensor’s counterparts attached to a hand held controller. In addition 

to the limitation of an external reference device mentioned above, these approaches further 

require the user to hold a device in his hands, dampening the immersion into the virtual 

environment and lowering the quality of the experience.

There are some systems trying to overcome the above-mentioned limitations by 

using a wearable sensor system. US 2008 0285805 Al, WO 1999 053838 Al, 

US 2002 0103610 Al, EP 3 067 783 Al, and US 7,628,074 B2 deploy inertial 

measurement units (IMUs) on different limbs of the human body. Inertial data can be used 

to compute the orientation of the sensor in the world coordinate frame. Thus, having an 

IMU on most of the limbs, forward and inverse kinematics can be used to compute the 

pose. However, having the user to put on that many sensors on different body parts is not 

suitable for many home consumer products.

Acceleration data of these IMUs can be double integrated to compute the position 

in addition to the orientation, which would allow capturing the pose of only a subset of the 

limbs. However, as in each frame the position is computed based on the previous positions, 

errors are accumulated, resulting in a typical drift in the computed position common to 

these IMU based approaches. To correct for this drift, US 2008 0285805 Al uses 

constraints implied by the human skeleton, while WO 1999 053838 Al and 

US 7,628,074 B2 deploy acoustic transducers, measuring distance between limbs (as 

described in US 5,142,506 A), which gives additional constraints to correct the drift. 

However, still a large number of such constraints need to be satisfied, increasing the 

number of sensors to wear. Furthermore, sensor fusion is usually not stateless and thus 

subject to accumulation errors, cumbersome in the implementation and can introduce 

latency and visual artifacts, depending on the filters used.

The system of various sensors as described and detailed in US 2003 0182077 Al is 

used to assess the user’s environment as precisely as possible when a GPS signal is not 

available. That system is not suited or designed to determine or calculate the three 

dimensional position and/or orientation of the user’s limbs relative to one another, but 

solely to estimate the position of the body as a whole.

Few systems focus on the pose of the hand, to be used as input device. 

WO 2016 029183 Al tracks the fingers and orientation of the hand and recognize gestures 

used to interact with the virtual environment. They lack, however, the localization of the 
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hand and thus restrict interaction to applications where the position of the hand does not 

need to be known.

Further devices are deployed by US 8,638,989 and by US 2016 202770. A purely 

optical system (e.g. optical depth sensing as in US 2016 0295198 Al) captures the 

position, orientation and pose of the hand in front of the imaging device, usually attached 

to the head. They do not require an external reference and therefore the system may be 

wearable, in particular lightweight. The implementation can be achieved state-less, so that 

each position is computed in each frame not depending on the previous computation, 

making the approach more stable. However, pure optical systems require parameter tuning 

and large computational efforts to estimate the position and pose which increases the 

latency and lowers the immersion into the virtual environment.

With the increasing number of applications dealing with a virtual environment, 

there is a growing need for input devices, enabling the user to interact with a virtual reality 

in a natural and improved way. The most natural way is to interact in the same way as with 

the real environment, namely by using body parts such as the hands. Besides interaction, 

visualization of the upper limbs is important too, such that the user can see his arms and 

hands in the virtual environment, giving visual feedback about his actions and increasing 

the immersive experience.

None of the mentioned approaches provides a wearable, stable and non-intrusive 

way to track limbs at low latency without requiring the user to wear a large number of 

sensors or, the before-mentioned systems require significant knowledge about the 

environment and/or limit the immersion/capabilities.

SUMMARY OF THE INVENTION

Therefore, it is an object of the present invention to specify an improved wearable motion 

tracking system for capturing a relative position between a first body part of a user and a 

second body part of said user.

This object is achieved by a wearable motion tracking system according to claim 1. 

According thereto, a wearable motion tracking system for capturing a relative position 

between a first body part of a user and a second body part of said user is specified, said 
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wearable motion tracking system comprising at least one first measurement device that is 

attachable to said first body part and at least one second measurement device that is 

attachable to said second body part. Moreover, the system includes a computing device 

that may communicate with at least one of the first and second measurement devices such 

as to retrieve measurement data of measurements between the first and second 

measurement devices, i.e. relating to measurements including one of the first and second 

measurement devices as reference point.

It is to be understood that said computing device may be a separate component of 

the system or it may be integrated into said first or said second measurement device.

The object is achieved in that said at least one first measurement device, said at 

least one second measurement device and said computing device are configured such as to 

obtain by said computing device a plurality of measurements between said first 

measurement device and said second measurement device, wherein said plurality of 

measurements between said first measurement device and said second measurement device 

comprises at least one distance measurement between said first measurement device and 

said second measurement device, and in that said computing device is configured to 

compute, in three dimensions, a position of said second measurement device relative to 

said first measurement device using said plurality of measurements for tracking the 

position of said second body part relative to said first body part.

In other words, the object is achieved in that said at least one first measurement 

device, said at least one second measurement device and said computing device are 

configured:

i) to obtain by the computing device at least one distance measurement between 

said first measurement device and said second measurement device; and

ii) to obtain, by the computing device at least one further measurement between 

said same first measurement device and said same second measurement device; and

wherein said computing device is configured to compute, in three dimensions, a 

position of the second measurement device relative to the first measurement device using 

said distance measurement and said further measurement, i.e. it computes a distance vector 

in three dimensions.

In the context of the present invention, the term “wearable system" is to be 

understood as a system that may be worn by human beings (or other users, see below) 

whilst acting, for example, in a virtual environment. The wearable motion tracking system 
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is non-intrusive and barely noticeable to the user. It is easy to put on and mobile so that the 

user is not limited in his motion. Furthermore, it is advantageous if the update rate of the 

system is high, while reaction time and latency may be minimal to convince the user that 

his virtual replica and/or his virtual representation of his motion actually represent(s) him. 

Accordingly, excessive computation effort is a disadvantage.

In the context of the present invention, the term “motion tracking system” is to be 

understood as a device, a multi-component apparatus, that allows to track a three

dimensional distance vector connecting the first and second measurement devices, wherein 

said distance vector is, in some instances, a measure for a change in relative position 

between the first and second body parts to which, during operation, the first and second 

measurement devices, respectively, are attached to. The tracking data generated by the 

wearable motion tracking system may be, for example, integrated into a virtual reality.

In the context of the present invention, the term “first and second body parts” is to 

be understood as two parts of a body, preferably of a human body, which may move 

relative to one another. First body parts may be body parts such as a head or a torso or any 

other body part such as a limb, second body parts may be part of the limbs, in particular of 

the upper limbs or parts thereof such as finger (including thumb), hand, wrist, upper or 

lower arm, or elbow. Of course, also the lower limbs or parts thereof may be second body 

parts such as toe, foot, ankle or lower or upper leg. It is to be understood that the second 

body part may, however, also be any other body part such as the torso or the head. 

Accordingly, the first and second body parts are any two parts of the body that may move 

or change relative to one another. It is to be understood that the wearable motion tracking 

system may preferably be used by a human being while other objects that change their 

physical appearance may, however, also be understood as users.

In the context of the present invention, the term “measurement between the first and 

second measurement device” is to be understood as measurement in which the first 

measurement device is a reference and the position (and preferably orientation) of the 

second measurement device is measured relative to said reference.

The invention is therefore based on the realization that by deploying at least two 

measurement devices that are linked, preferably in a wireless manner, through a 

communication channel and integrated into a wearable tracking system such that one 

measurement device provides a reference frame in which the other device is positioned and 

localized through said communication link, a more effective system may be realized than, 
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for example, the known implementations relying on purely optical systems that, under 

substantial computational effort, evaluate a visible environment, or the known 

implementations requiring a stationary setup, or the know systems relying on IMUs for 

position gathering whilst correcting the position afterwards with further measurements.

The tracking system according to invention deploys a state-less implementation, i.e. 

each position of the second measurement device relative to the first measurement device is 

computed in real-time and independently of the previous computation in the tracking 

chain.

In some embodiments, said plurality of measurements between said first 

measurement device and said second measurement device comprises at least one direction 

measurement between said first measurement device and said second measurement device. 

In these embodiments, the direction measurement results, in combination with the distance 

measurement, directly in the position in three dimensions of the second measurement 

device with respect to the first measurement device. So the present teaching already works 

with two sensors and two measurements between the first and the second measurement 

device. This is advantageous, as fewer beacons, less hardware and less computation are 

required in comparison to known approaches.

Moreover, the present invention does not require complex sensor fusion algorithms 

as extended Kalman filters or the like, to combine measurements from multiple sensors and 

sensor types. The measurements taken by the system according to invention (e.g. one 

distance measurement by e.g. an acoustic receiver/emitter pair and one direction 

measurement by e.g. an optical receiver/emitter pair) can be used to directly eliminate all 

degrees of freedom and compute directly the relative position between the first and second 

measurement device without requiring any other third or fourth sensor device. This results 

in less computation, less latency and more stability. To give an example: in order to 

estimate the hand position relative to the head, according to known approaches, one 

requires one sensor on the head, one on the hand and two more on the head or other body 

parts (which is cumbersome to wear) while according to some embodiments of the 

invention, only one measurement device on the head and one on the hand is needed.

According to the present invention, multiple measurements between two nodes, i.e. 

between two distinct and independently attachable measurement devices, are used. Instead 

of using inertial measurement unit (IMU) measurements, at least one additional 

measurement between the nodes, i.e. the measurement devices, is used. IMU
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measurements are not used for localization but for computing the orientation.

The motion tracking problem solved by the present invention can further be 

described in an abstract way as follows. Given a point in space with known orientation, the 

position of a second point relative to the first point needs to be found. Without loss of 

generality, the first point can be assumed to be located at the origin of a xyz coordinate 

system and front facing the positive Z-axis. This coordinate system is called body frame of 

the first point. To solve the described tracking problem, the x-, y- and z-coordinate of the 

second point expressed within this body frame of the first point is required. These 

coordinates do not need to be expressed within this format, but can be represented by other 

values.

In a further representation, two angles and a radius can describe the relative 

position of the two points in terms of spherical coordinates.

For cases where the second point lies always in front of the first point, its relative 

position can further be described by two coordinates on a virtual xy-plane at a z-value of 

one (describing the direction towards the second point) in combination with the distance 

between the two points. This representation is often used in computer vision, as the plane 

naturally describes the image plane of a camera sensor and the plane coordinates 

correspond to pixel coordinates.

Yet another representation is to choose three fixed points on the xy-plane located at 

the origin (z value equals 0) and describing the position of the second point by the three 

distances to the three fixed points. This would naturally represent three distance 

measurements made between the three fixed points representing the first point and the 

second point.

All representations can be converted from one to another.

Example given, the three distance measurements made at three fixed points can be 

used to compute the xyz-coordinates by trilateration.

Thus, the representation of the relative position between the points shall not limit 

the present invention in its scope. Any combination of distance measurements, directional 

measurements or other measurements can be used to eliminate the degrees of freedom of 

the relative position, independent of their representation. Example given, a directional 

measurement can result in two angles of a spherical coordinate representation. The radius, 

being the third degree of freedom, can be eliminated by a distance measurement.

In some embodiments, said first measurement device comprises a first acoustic 
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communication device and said second measurement device comprises a second acoustic 

communication device. The first and second communication devices are configured to 

establish an acoustic link between one another, for example, an ultra-sonic link. This link 

offers the option of an acoustic measurement between the first and second measurement 

devices. One of the first and second measurement devices may comprise an acoustic 

transmitter, the other an acoustic receiver. Accordingly, said plurality of measurements, on 

which the computation of the relative position of the second measurement device relative 

to the first measurement device is based, comprises at least one acoustic measurement 

between said first acoustic communication device and said second acoustic communication 

device. An acoustic link allows for a stable and reliable, low-cost and fast measurement.

In some embodiments, said acoustic link is used for determining the distance 

between the first and second measurement devices. Accordingly, the at least one distance 

measurement may be said at least one acoustic measurement.

In some embodiments, multiple acoustic receivers are arranged on an array or other 

known formation on the first device, making multiple acoustic measurements with an 

acoustic sender on the second device.

The relative delay of the received signal in between the acoustic receivers on the 

first device directly relates to the direction of the second device relative to the first device.

In specific, as the acoustic signal is emitted by a single sender, the receiver closest 

to the sender will receive the signal first.

The time delay until the second receiver records the signal is proportional to the 

angle between the sender and the first receiver, and the first and the second receiver. 

Multiple receivers increase accuracy and allow to measure angles in two dimension.

Accordingly, a directional measurement between the first and second device can be 

an acoustic measurement.

Acoustic directional measurements are also known as directional microphones or 

microphone array.

It is clear that the present invention is not limited by using an array of acoustic 

receivers, but can be implemented by any directional microphone.

In some embodiments, additionally or alternatively to the acoustic link, an optical 

link may be established between said first and second measurement devices. Therefore, 

said first measurement device comprises a first optical communication device and said 

second measurement device comprises a second optical communication device.
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Accordingly, the first and second communication devices are configured to establish an 

optical link between one another. Said plurality of measurements includes at least one 

optical measurement between said first optical communication device and said second 

optical communication device.

In some embodiments, one of said first and second optical communication devices 

comprises an image sensor as first or second optical communication device, while the other 

of said first and second optical communication devices comprises a trackable feature as 

second optical communication device, preferably a radiation source such as an light 

emitting diode (LED), e.g. an infrared LED, wherein, preferably, a size and/or colour 

and/or luminosity of the trackable feature is known to and used by the wearable motion 

tracking system to locate, in terms of a polar coordinate system, the angular coordinates of 

the second measurement device. It is clear that any other representation of the direction can 

be used, as discussed above. The trackable feature may also be an arrangement of features 

such as an array of LEDs or the like, which is particularly advantageous, if the size of the 

trackable feature is evaluated, for example, in a measurement of the relative distance 

between the image sensor and the trackable feature.

The radial coordinate may then be gained from the at least one distance 

measurement, which may be an acoustic, an optical or an ultra-wide band measurement 

performed by means of the accordingly featured first and second measurement devices. 

Through analysis of the relative size of the trackable feature, distance information may be 

obtained and used as optical distance measurement. Using, for example, the known camera 

parameters, the size (e.g. side length of the square with LED on its comers) of the 

projected feature can be used to compute the distance.

In some embodiments, said optical link may be used for determining the distance 

between the first and second measurement devices. Accordingly, the at least one distance 

measurement may be said at least one optical measurement.

In some embodiments, additionally or alternatively to the acoustic link and/or the 

optical link, an ultra-wide band link may be established between said first and second 

measurement devices. Therefore, said first measurement device comprises a first ultra

wide band communication device and said second measurement device comprises a second 

ultra-wide band communication device. Accordingly, the first and second communication 

devices are configured to establish an ultra-wide band link between one another. Said 

plurality of measurements includes at least one ultra-wide band measurement between said 
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first ultra-wide band communication device and said second ultra-wide band 

communication device.

Similar to the directional acoustic measurement described above, an array of ultra 

wide band distance measurements can also be used to realize a directional measurement.

Instead of using the time delay between receivers, the relative phase shift can be 

used to determine the angle between sender and any two receivers.

Alternative links to the acoustic, optical and/or ultra-wide band link may be used.

In some embodiments, said first body part is a torso or a head of said user. 

Accordingly, the wearable motion tracking system may be a head-mounted and/or a torso

mounted system.

Preferably, said second body part is an upper limb and/or a wrist and/or hand of 

said user.

In some embodiments, said computing device is integrated, at least in part, into a 

reference unit, the reference unit being attachable to the first body part of the user and 

further comprising the at least one first measurement device.

In some embodiments, said computing device is integrated, at least in part, into a 

tracked unit, the tracked unit being attachable to the second body part of the user and 

further comprising the at least one second measurement device.

Accordingly, the computing device may be integrated separately, or with the first 

measurement device into the reference unit or with the second measurement device into the 

tracked unit or components of the computing device may be integrated with both first and 

second measurement devices.

In some embodiments, one first measurement device or one reference unit may be 

attached to the head, for example in a head-mounted display device, another to the torso or 

other body parts, while one or more second measurement devices or tracking units may be 

attached to the limbs, preferably to the upper limbs and/or to the hand(s) and/or wrist(s) or 

other body parts.

In some preferred embodiments, said plurality of measurements consists of three 

distance measurements or more of said distance measurements. Preferably, three acoustic 

distance measurements may be performed by means of three receivers and at least one, for 

example three, transmitters or three transmitters and at least one, for example three, 

receivers, wherein the receiver(s) are integrated into one of the first and second 

measurement devices while the transmitter(s) are integrated to the other of the first and 
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second measurement devices. Accordingly, a common transmitter or a common receiver 

may be deployed communication with three cooperating sensor parts. Here, with the 

knowledge of the relative position of the transmitters (or receivers) on the same device, 

three or more distance measurements can be used to triangulate the position of the second 

measurement device in three dimensional space.

In some embodiments, said first measurement device and/or said second 

measurement device comprise one or more further measurement devices for determining 

and tracking, at least partially, an orientation of the second measurement device relative to 

the first measurement device or an absolute orientation of the second measurement device. 

In some preferred embodiments, said one or more further measurement devices are IMUs.

In some embodiments, these additional sensors, that are capable of determining 

their orientation in one to three orthogonal axes (e.g. IMUs), can be deployed on, for 

example, the hand and/or finger segments, to compute the pose and gesture of hand and/or 

finger segments with forward kinematics, based on the position of the upper limb or hand 

computed by the present invention. Accordingly, the sensors may be integrated into a 

glove. Similarly, the same type of sensor can be attached, for example, to the lower arm 

and or upper arm, to compute the pose of the upper limbs by forward and or inverse 

kinematics. In the very same manner, the pose and orientation of the head or other limbs 

can be computed, when one of the two devices of the present invention is attached to the 

torso and such an orientation device is attached to the head.

The pose and gesture of the upper limb, hand, and/wrist may, for example, be used 

to render a virtual avatar of the user and to interact with a virtual environment exposed to 

the user by e.g. virtual reality glasses, augmented reality glasses or other head mounted 

displays.

It is a further object of the present invention to specify an improved method for 

tracking a relative position between a first body part of a user and a second body part of 

said user.

This further object is achieved by the method according to claim 12. According 

thereto, a method for tracking a relative position between a first body part of a user and a 

second body part of said user, said method comprising:

using at least one first measurement device attachable said first body part, at least 

one second measurement device attachable to said second body part and a computing 

device, and executing an application on said computing device in order
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i) to perform a plurality of first measurements between said first 

measurement device and said second measurement device, wherein said plurality of 

first measurements between said first measurement device and said second 

measurement device comprises at least one distance measurement between said first 

measurement device and said second measurement device; and

ii) to compute, in three dimensions, a first position of said second 

measurement device relative to said first measurement device using said plurality of 

first measurements;

iii) to perform one or more pluralities of subsequent measurements between 

said first measurement device and said second measurement device, wherein said 

plurality of first measurements between said first measurement device and said 

second measurement device comprises at least one distance measurement between 

said first measurement device and said second measurement device; and

iv) to compute, in three dimensions, one or more subsequent positions of 

said second measurement device relative to said first measurement device using one 

or more pluralities of further measurements for tracking said position of said second 

body part relative to said first body part.

The position and the subsequent positions then form a track that may be 

implemented into the virtual environment.

In some embodiments of the method according to invention, said first body part is a 

torso and/or a head of said user.

In some embodiments of the method according to invention, said second body part 

is an upper limb and/or a hand of said user.

In some embodiments of the method according to invention, said plurality of first 

measurements and/or said one or more pluralities of subsequent measurements comprise, 

as said at least one distance measurement, at least one measurement selected from the 

group consisting of an acoustic measurement, an optical measurement and an ultra-wide 

band measurement.

In some embodiments of the method according to invention, said tracked position 

of said second body part relative to said first body part is used in a virtual environment.

Accordingly, the present invention discloses a wearable sensor or motion tracking 

system, capable to compute the position of body parts such as an upper limb, wrist and/or 

hand relative to another body part such as the torso and/or the head in real time whilst the 
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determination of the position relies on a plurality of measurements comprising at least one 

distance measurement.

In a preferred embodiment, a first measurement device is attached to either torso or 

the head. One second measurement device is attached to the limb, wrist or hand which 

needs to be tracked. The two measurement devices communicate with one another through 

a link and the exchanged information is used to compute the three dimensional position of 

one measurement device, preferably expressed in coordinates within the body frame of the 

other measurement device.

The localization of the tracked limb can be achieved in different ways. The present 

invention deploys at least one distance measurement device, where the sender of the 

distance measurement device is part of the device attached to one body part while the 

receiver is part of the device attached to the other body part or vice versa.

As detailed herein, in one preferred approach, the present invention deploys at least 

two more distance measurement sensors integrated on the same measurement device. They 

can optionally share a common sender or a common receiver. Knowing the relative 

position of the transmitters on the same device, three or more distance measurements can 

be used to triangulate the position of the tracked device in three dimensions.

As detailed herein, in another preferred approach, an image sensor is attached to 

either of the two measurement devices and a trackable feature is attached to the other 

device. The tracked image coordinates of the feature can be used to compute the relative 

angle between the image sensor and the feature and define, together with the distance 

measurement, the relative position between the two devices.

It is to be understood that the features of the different embodiments outlined above 

may be freely combined with one another.

BRIEF DESCRIPTION OF THE DRAWINGS

Preferred embodiments of the invention are described in the following with reference to 

the drawings, which are for the purpose of illustrating the present preferred embodiments 

of the invention and not for the purpose of limiting the same. In the drawings,

FIG. 1 shows a first embodiment of a wearable motion tracking system according to 
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the present invention with first and second measuring devices;

FIG. 2 shows a first embodiment of a wearable motion tracking system according to 

the present invention with first and second measuring devices;

FIG. 3 shows first embodiments of the first and second measurement devices 

according to Fig. 1 or Fig. 2 in more detail;

FIG. 4 shows second embodiments of the first and second measurement devices 

according to Fig. 1 or Fig. 2 in more detail;

FIG. 5 shows a further embodiment tracking the full pose of an upper limb and hand; 

and

FIG. 6 shows a still further embodiment tracking the full pose of an upper limb and 

hand.

DESCRIPTION OF PREFERRED EMBODIMENTS

The following description and examples further illustrate the present invention, but should 

not be interpreted as limiting its scope. Preferred embodiments are described with 

reference to Figures 1 to 6. The figures show schematic illustrations of preferred 

embodiments. The same reference signs in the figures designate the same components or 

components with the same technical effect.

Figure 1 shows a first embodiment of a wearable motion tracking system 12 

according to invention. Said wearable motion tracking system 12 comprises a first 

measurement device 120a (the tracking device) that is attached to, e.g. integrated into, a 

head-mounted display 130 on a first body part of a user 100, the first body part being a 

head 101 of the user 100. The head-mounted display 130 is, in the first embodiment, a 

reference unit that sets the reference frame in which the tracking is done. A second 

measurement device 121a (the tracked device) is attached to a wristband 111 disposed on a 

second body part, the second body part being a wrist 103 of the user 100. Instead of the 

wristband 111 other typical attachment means such as a gauntlet glove or tape or 

integration into clothing may be used. The first measurement device 120a and the second 

measurement device 121a are coupled to one another via a communication link for 

exchange of information, wherein said information is then used as a basis to compute, in 

three dimensions, the position of the second measurement device 121a relative to the first 
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measurement device 120a, thereby determining the position of the wrist 103 relative to the 

head 101. The information exchange comprises a plurality of measurements, including at 

least one measurement of a relative distance between the first and second measurement 

devices 120a, 121a, wherein, by using said plurality of measurements including the 

distance measurement as input to a computing device 150, the distance vector is computed 

in three dimensions. The computing device 150 is preferably integrated into the head

mounted component of the system 12 and connected such as to receive said input and such 

as to provide the computation result for further use, for example, for implementation into a 

virtual reality displayed on the head-mounted display 130. The computing device 150 can 

also be disposed on the hand or even distributed, e.g. parts are computed in one of the first 

and second measurement devices 120a, 121a or 120b, 121b, other parts in the other one of 

the first and second measurement devices 120a, 121a or 120b, 121b). E.g. one computing 

device part may be located on the respective measurement device with the image sensor 

(e.g. a camera) and determines the polar coordinates. Another part of the computing device 

may be located at the acoustic receiver on the other body part and computes the radial 

coordinate. Each computing device may send its data to a host where it is combined and 

implemented, e.g., into the virtual reality.

In some embodiments, the computing device 150 may be integrated separately; in 

some embodiment, the computing device 150 may be integrated with the first measurement 

device 120a, 120b into the reference unit 140 or with the second measurement device 121a, 

121b into the tracked unit 141. In some embodiments, components of the computing 

device 150 may be integrated with both first and second measurement devices 120a, 120b, 

121a, 121b or, optionally, also into further components of the system 12. Figure 2 shows a 

second embodiment of the wearable motion tracking system 12 according to invention. 

The system 12 comprises the first measurement device 120b that is attached to a torso 104 

of the user 100 with a belt 112 or similar attachment means. According to the second 

embodiment, the torso 104 is the first body part. The second device 121b is attached to the 

hand 102 with a glove 110 or similar. According to the second embodiment, the second 

body part is the hand 102. The first and second measurement devices 120b, 121b are 

coupled through the communication link through which the plurality of measurement 

between the two devices 120b, 121b are performed. Here, the computing system 12 is 

preferably integrated into the torso-mounted or head-mounted component of the system 12 

and configured to compute, on the basis of said plurality of measurements, the position, in 
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three dimensions, of the second measurement device 121b relative to the first measurement 

device 120b attached to the torso 104. Accordingly, in the second embodiment, the 

reference frame for tracking the second measurement device 121b is that of the torso 104 

and the computing device 150 may be provided separate from the first and second 

measurement device 120b, 121b, in the head-mounted display 130.

In both embodiments, the position of the second body part 103 and 102, 

respectively, i.e. the position of the second measurement device 121a and 121b, 

respectively, can then be computed, in three dimensional space, by the computing device 

150 and may be rendered in the virtual environment shown on the head-mounted display 

130 or used to interact with it.

It is generally to be understood, that several second measurement devices may 

simultaneously be tracked in the reference frame of the first measurement device.

Figure 3 shows an embodiment on how to implement the first and second 

measurement device pairs 120a and 121a in Fig. 1 or 120b and 121b in Fig. 2.

A first acoustic communication device 200a deploys an acoustic emitter 201a and a 

first instantaneous communication device 202a, e.g. a radio frequency module.

A second acoustic communication device 200b deploys at least three acoustic 

receivers 201b with known relative position and a second instantaneous communication 

device 202b.

The first acoustic communication device 200a with the acoustic emitter 201a and 

second acoustic communication device 200b with the acoustic receiver 201b may establish 

an acoustic link aL, more precisely: three acoustic links, between one another.

The first instantaneous communication device 202a and the second instantaneous 

communication device 202b may establish an instantaneous link iL between one another.

In operation, the first instantaneous communication device 202a announces an 

acoustic pulse of the acoustic emitter 201a and triggers the acoustic pulse. The second 

instantaneous communication device 202b receives the announcement, starts the timer and 

starts listening on the acoustic receivers 201b. The time when the pulse is sent by the 

emitter 201a and the three individual times when the pulse is detected in the receivers 201b 

can be used to triangulate, in three dimensions, the relative position between the first and 

second measurement devices 120a, 121a and 120b, 121b, respectively.

The first acoustic communication device 200a may be integrated into one of the 

first and second measurement devices 120a, 121a and 120b, 121b, respectively, the second 
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acoustic communication device 200b may be integrated into the other of the first and 

second measurement devices 120a, 121a and 120b, 121b, respectively.

Figure 4 shows a further embodiment on how to implement first and second 

measurement device pairs 120a and 121a in Fig. 1 or 120b and 121b in Fig. 2.

A first opto-acoustic communication device 200c deploys the acoustic receiver 

201c, the first instantaneous communication device 202a and an infrared light emitting 

diode 203a.

A second opto-acoustic communication device 200d deploys the acoustic emitter 

20Id, the second instantaneous communication device 202b and an infrared imaging 

device 203b.

The infrared light emitting diode 203 a as a first optical communication device and 

the infrared imaging device 203b as the second optical communication device may 

establish an optical link oL between one another.

In operation, the acoustic emitter 201c and receiver 20Id are used together with the 

first and second instantaneous communication devices 202a and 202b to measure the 

distance between the first and second measurement devices 120a, 121a and 120b, 121b, 

respectively, by a time-of-flight measurement of the acoustic signal as described above. 

The imaging device 203b and the infrared LED 203a are used to compute the angular 

coordinates between the first and second measurement devices 120a, 121a and 120b, 121b, 

respectively. The angular coordinates and the distance determine the position between of 

the second measurement device 121a and 121b, respectively, relative to the first 

measurement device 120a and 120b, respectively.

The first opto-acoustic communication device 200c may be integrated into one of 

the first and second measurement devices 120a, 121a and 120b, 121b, respectively, the 

second opto-acoustic communication device 200d may be integrated into the other of the 

first and second measurement devices 120a, 121a and 120b, 121b, respectively.

Figure 5 shows an embodiment how to get a full pose of an upper limb 107, 108 

(see Fig. 1) and hand 102. As shown in Fig. 1, the first measurement device 121a is 

attached to the wrist 103 of the user 100 using the wristband 111 or similar. In addition, a 

further measurement device 304a being capable of determining its orientation (e.g. an 

IMU) is attached to the wristband 111 too. The position determined by means of the 

second measurement device 121a and the orientation determined by means of 304a are 

used to position the second body part, here a lower arm 107 (see Fig. 1), in three
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dimensional space.

Inverse kinematics may be used to find position and orientation of an upper arm 

108 (see Fig. 2). A further device 304b capable of determining its orientation is attached to 

the hand, and similar devices 305 are attached to the segments of the fingers 106. Based on 

the position and orientation delivered by 121a and 304a, forward kinematics can be used 

on the orientations delivered by the devices 304b and 305 to compute the pose and gesture 

of the hand 102 and the fingers 106.

Figure 6 shows a further embodiment how to get the full pose of the upper limb 

107, 108 (see Fig. 1) and hand 102. As shown in Fig. 2, the device 121b is attached to a 

user’s hand 102 using a glove 110 or similar. In addition, a further measurement device 

304b being capable of determining its orientation (e.g. an IMU) is attached to 110 too. The 

position delivered by 121a and the orientation of 304a are used to position the hand 102 in 

space. Further devices 305 capable of determining their orientation (e.g. IMUs) are 

attached to segments of the finger 106. Forward kinematics may be used on the 

orientations delivered by the devices 305 to compute the pose and gesture of the hand 102.

In this configuration, an optional wristband 111 and attached device 304a able to 

compute its orientation can be used in combination with inverse kinematics to compute the 

pose of the lower and upper arms 107, 108.

Accordingly, the present invention deploys at least two physically separated 

measurement devices 120a, 121a and 120b, 121b, respectively, i.e. individual units, 

capable to communicate with each other. One of them, the first measurement device 120a 

and 120b, respectively, acts as reference device that is attached to either torso 104 (e.g. to 

the hip with a belt or to the chest as depicted in Fig. 2) or the head 101 (e.g. to the forehead 

or to a head-mounted display 130 worn by the user as shown in Fig. 1). Other body parts 

may, however, be chosen as first body parts. At least one further device, the second 

measurement device 121a and 121b, respectively, is attached to an upper limb, more 

precisely the wrist 103 (as illustrated in Fig. 1) or hand 102 (as seen in Fig. 2) by e.g. a 

wristband 111 or included into a glove 110 and its position is tracked relative to the 

position of the reference device 120a and 120b, respectively. Optionally, further second 

devices 121a, 121b and/or further measurement devices 304, 304b (such as IMUs) may be 

attached to the same or further body parts and tracked on the same or other limbs, e.g. on 

the other hand or the other wrist.

Depending on the application, the virtual environment is exposed to the user 100 as 
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seen from the perspective of the user 100. In this scenario, the reference device (i.e. the 

first measurement device 120a, 120b) typically would be mounted to the head 101 of the 

user 100, as the body frame of the head 101 naturally corresponds to the virtual camera in 

the head-mounted display 130 and used to render the virtual environment.

In applications where virtual content is exposed in third person view, the reference 

device 120b may be put onto the torso 104. However, if the reference device 120b is 

attached to the torso 104, a device 304 capable of determining its orientation (e.g. an IMU) 

can be attached to the head 101, and the orientation can be used to translate the tracked 

position from the reference body frame of the torso 104 to the body frame of the head 101. 

Head-mounted displays typically already contain such orientation determining devices 304 

and thus, in this specific case, no additional sensor would be required.

If the reference device 120a is attached to the head 101, an orientation capable 

device can be attached to the torso 104 to achieve similar results the other way around.

The tracked device, i.e. the second device 121a, 121b, respectively, of the present 

invention can further comprise such an orientation capable device 304, such that not only 

the position, but also orientation of the limb in one or more, preferably all three axes is 

known.

If further such orientation capable devices are attached to neighboring limbs, 

forward kinematics can be used to determine their position and orientation. For example, if 

the trackable device of our invention is attached to the wrist and orientation capable 

devices 304, e.g. IMUs, are attached to wrist, hand and finger segments (as illustrated in 

Fig. 5), forward kinematics may be used to compute the full pose and gesture of the hand 

102, based on the position and orientation of the wrist 103.

Furthermore, inverse kinematics can be used to compute the pose and orientation of 

the upper arm 108, and thus the pose of the full arm 107, 108 and hand 102 is known.

Since the wrist device 121a and sensors 304, 304b, 305on the hand 102 can all be 

integrated into a glove 110, a minimal set of items need to be worn by the user 100 and still 

the complete upper body motion can be tracked.

Similarly, said trackable device, i.e. the second measurement device 121b, can be 

attached to the hand 102 instead of the wrist 103, as illustrated in Fig. 6, and the same 

results can be achieved.

It is obvious that all combinations of reference device 120a, 120b being attached to 

torso 104 and/or head 101 and trackable device 121a, 121b being attached to upper limb 
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107,108 and/or hand 102 work equally well, even though only two cases are illustrated in 

Fig. 1 and Fig. 2.

The localization of the limb can be achieved in different ways. In one embodiment 

of the present invention, one or more acoustic emitter and an instantaneous communication 

device (e.g. a radio frequency module) are deployed in a first measurement device attached 

to a first body part and one or more acoustic receiver and another instantaneous 

communication device are deployed in a second measurement device attached to a second 

body part. The role of one acting as reference device and the other acting as tracked device 

is obviously interchangeable.

For each emitter in the system, an acoustic pulse is announced by the 

communication device on the same device and the pulse is triggered immediately 

afterwards. When the communication device on the device with an acoustic receiver 

receives the announcement, a timer is started measuring the time until the acoustic receiver 

detects the incoming pulse. The time of flight together with the known velocity of the 

acoustic signal is used to compute the distance between the two devices. It is clear that 

other devices capable of computing the distance (e.g. ultra-wide bandwidth or visual 

signals) can replace the acoustic device described in this embodiment.

At least three acoustic emitters pulsed one after each other in combination with at 

least one acoustic receiver, or at least one acoustic emitter and three acoustic receivers 

provide three different distance measurements. Knowing the relative position of at least 

three transmitters rigidly attached to one device provides together with the distance 

measurements enough information to compute the relative position between the devices by 

means of triangulation. The case of one emitter being shared by three receivers is 

illustrated in Fig. 3. Obviously, arbitrary combinations of emitters and receivers can be 

deployed on one or the other device.

In another embodiment, a distance measurement unit is complemented by another 

unit, capable of determining the angles defining the relative direction between the 

reference device and the tracked device expressed in e.g. spherical coordinates. An 

example for such a unit would be an image sensor attached to either the reference device or 

the tracked device and a trackable feature as e.g. an LED attached to the other device. The 

image sensor is capable to track the image coordinates of the projected image of the LED, 

which defines the two angles between the vector from image sensor center to the LED and 

the image sensor normal. The so defined direction from image sensor to LED together with 
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the distance provided by the distance measurement unit define the relative position 

between the two devices.

It is to be understood that the present invention protects not only trackable features 

as e.g. LED and image sensors working in the visible spectra, but any other wave length as

5 well (e.g. infrared). Furthermore, instead of using a single LED, an arrangement of LEDs 

or any other trackable feature can be used, further increasing stability of the approach.

If the feature pattern is known, computer vision approaches can be used to compute 

the distance by analyzing e.g. the size of the feature in image space. This leads to a further 

approach, where the feature size is used as distance measurement and the feature location 

10 as further measurement, providing enough information to compute the relative position 

between the devices.

Alternatively, the optical distance measurement can be accompanied by other 

distance measurements.

The subject-matter of the following claims is not necessarily limited to the 

15 specific features described above. The above examples and embodiments are possible 

implementations of the claims and other features are intended to be within the scope of the 

claims.
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LIST OF REFERENCE SIGNS

100 user 200b second acoustic

101 first body part, head of 100 communication device

102 second body part, hand of 200c first opto-acoustic

100 communication device

103 second body part, wrist of 200d second opto-acoustic

100 communication device

104 first body part, torso

106 finger (incl. thumb) 201a,d acoustic emitter/transmitter

107 lower arm 201b,c acoustic receiver

108 upper arm 202a first instantaneous

communication device

110 glove 202b second instantaneous

111 wrist band communication device

203a radiation device, infrared

12 wearable motion tracking LED

system 203b optical imaging device,

120a,b first measurement device infrared imaging device

121a,b second measurement device

130 reference unit, head mounted 304, 304a,b further measurement

display device, orientation capable

140 reference unit such as an IMU

141 tracked unit

150 computing device aL acoustic link

iL instantaneous link

200a first acoustic communication oL optical link

device
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CLAIMS

1. A wearable motion tracking system (12) for capturing a relative position between a 

first body part (101; 104) of a user (100) and a second body part (102,103,106-108) of said 

user (100), said wearable motion tracking system (12) comprising:

at least one first measurement device (120a; 120b) attachable to said first body 

part (101; 104);

at least one second measurement device (12la; 12lb) attachable to said second body 

part (102;103;106-108); and

a computing device (150);

characterized in that said at least one first measurement device (120a; 120b), said at 

least one second measurement device (12la; 12lb) and said computing device (150) are 

configured such as to obtain by said computing device (150) a plurality of measurements 

between said first measurement device (120a; 120b) and said second measurement 

device (121 a;l21b), wherein said plurality of measurements between said first 

measurement device (120a; 120b) and said second measurement device (12la; 12lb) 

comprises at least one distance measurement between said first measurement 

device (120a;120b) and said second measurement device (121 a; 12lb); and

in that said computing device (150) is configured to compute, in three dimensions, 

a position of said second measurement device (121 a; 12lb) relative to said first 

measurement device (120a; 120b) using said plurality of measurements for tracking the 

position of said second body part (102; 103; 106-108) relative to said first body part 

(101;104).

2. The wearable motion tracking system (12) according to claim 1, wherein said 

plurality of measurements between said first measurement device (120a; 120b) and said 

second measurement device (121a; 12lb) comprises at least one direction measurement 

between said first measurement device (120a; 120b) and said second measurement 

device (121a; 12lb).

3. The wearable motion tracking system (12) according to claim 1 or 2, wherein said 

first measurement device (120a; 120b) comprises a first acoustic communication 

device (200a) and said second measurement device (121 a; 121b) comprises a second
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acoustic communication device (200b);

wherein the first and second acoustic communication devices (200a,200b) are 

configured to establish an acoustic link (aL) between one another; and

wherein said plurality of measurements comprises at least one acoustic 

measurement between said first acoustic communication device (200a) and said second 

acoustic communication device (200b).

4. The wearable motion tracking system (12) according to claim 3, wherein said at 

least one distance and/or direction measurement is or is comprised in said at least one 

acoustic measurement.

5. The wearable motion tracking system (12) according to any one of claims 1 to 4, 

wherein said first measurement device (120a; 120b) comprises a first optical 

communication device (203a) and said second measurement device (121a; 121b) comprises 

a second optical communication device (203b);

wherein the first and second optical communication devices (203a,203b) are 

configured to establish an optical link (oL) between one another; and

wherein said plurality of measurements includes at least one optical measurement 

between said first optical communication device (203 a) and said second optical 

communication device (203b).

6. The wearable motion tracking system (12) according to claim 5, wherein one of 

said first and second optical communication devices (203b) comprises an image sensor and 

the other of said first and second optical communication devices (203a) comprises a 

trackable feature, preferably a radiation source, wherein, preferably, a size of the trackable 

feature is known to and used by the wearable motion tracking system (12).

7. The wearable motion tracking system (12) according to claim 5 or 6, wherein said 

at least one distance and/or direction measurement is or is comprised in said at least one 

optical measurement, wherein, preferably, said distance measurement is an acoustic 

measurement and said at least one direction measurement is an optical measurement.

8. The wearable motion tracking system (12) according to any one of claims 1 to 7, 
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wherein said first measurement device (120a; 120b) comprises a first ultra-wide band 

communication device and said second measurement device comprises a second ultra-wide 

band communication device;

wherein the first and second ultra-wide band communication devices are 

configured to establish an ultra-wide band link between one another; and

wherein said plurality of measurements includes at least one ultra-wide band 

measurement between said first ultra-wide band communication device and said second 

ultra-wide band communication device.

9. The wearable motion tracking system (12) according to any one of claims 1 to 8, 

wherein said first body part (101; 104) is a torso (104) and/or a head (101) of said 

user (100) and/or wherein said second body part (102; 103; 107; 108) is an upper 

limb (107,108) and/or a hand (102) of said user (100).

10. The wearable motion tracking system (12) according to any one of claims 1 to 9, 

wherein said computing device (150) is integrated, at least in part, into a reference 

unit (140), the reference unit (140) being attachable to the first body part (101; 104) of the 

user (100) and further comprising the at least one first measurement device (120a; 120b); 

and/or

wherein said computing device (150) is integrated, at least in part, into a tracked 

unit (141), the tracked unit (141) being attachable to the second body 

part (102;103;107;108) of the user (100) and further comprising the at least one second 

measurement device (121 a; 121 b).

11. The wearable motion tracking system (12) according to any one of claims 1 to 10, 

wherein said plurality of measurements consists of or comprises one distance and one 

direction measurement between said first measurement device (120a; 120b) and said second 

measurement device (12la; 12lb) or consists of or comprises three or more of said distance 

measurements.

12. The wearable motion tracking system (12) according to any one of claims 1 to 11, 

wherein said first measurement device (120a; 120b) and/or said second measurement 

device (121a;121b) comprise one or more further measurement devices (304;304a;304b) 
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for determining and tracking, at least partially, an orientation of the second measurement 

device (12la; 121b) relative to the first measurement device (120a; 120b) or an absolute 

orientation of the second measurement device (12 la; 121b),

wherein, preferably, said one or more further measurement 

devices (304;304a;304b) are inertial measurement units.

13. A method for tracking a relative position between a first body part (101; 104) of a 

user (100) and a second body part (102;103;106-108) of said user (100), said method 

comprising:

using at least one first measurement device (120a; 120b) attachable said first body 

part (101; 104), at least one second measurement device (12la; 12lb) attachable to said 

second body part (102; 103;106-108) and a computing device (150), and executing an 

application on said computing device (150) in order

i) to perform a plurality of first measurements between said first 

measurement device (120a; 120b) and said second measurement 

device (12la; 12lb), wherein said plurality of first measurements between said first 

measurement device (120a; 120b) and said second measurement device (12la; 12lb) 

comprises at least one distance measurement between said first measurement 

device (120a;120b) and said second measurement device (121 a; 121b); and

ii) to compute, in three dimensions, a first position of said second 

measurement device (12 la; 12 lb) relative to said first measurement 

device (120a; 120b) using said plurality of first measurements;

iii) to perform one or more pluralities of subsequent measurements between 

said first measurement device (120a; 120b) and said second measurement 

device (12la; 12lb), wherein said plurality of first measurements between said first 

measurement device (120a; 120b) and said second measurement device (12la; 121b) 

comprises at least one distance measurement between said first measurement 

device (120a; 120b) and said second measurement device (12la; 12lb); and

iv) to compute, in three dimensions, one or more subsequent positions of 

said second measurement device (12la; 12lb) relative to said first measurement 

device (120a; 120b) using said one or more pluralities of further measurements for 

tracking said position of said second body part (102;103;106-108) relative to said 

first body part (101; 104).
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14. The method according to claim 13, wherein said plurality of first measurements 

and/or said one or more pluralities of subsequent measurements between said first 

measurement device (120a; 120b) and said second measurement device (121 a; 12lb) 

comprise at least one direction measurement between said first measurement 

device (120a; 120b) and said second measurement device (12la; 12lb).

15. The method according to claim 13 or 14, wherein said plurality of first 

measurements and/or said one or more pluralities of subsequent measurements comprise, 

as said at least one direction measurement, at least one measurement selected from the 

group consisting of an acoustic measurement, an optical measurement and an ultra-wide 

band measurement.

16. The method according to any one of claims 13 to 15, wherein said plurality of first 

measurements and/or said one or more pluralities of subsequent measurements comprise, 

as said at least one distance measurement, at least one measurement selected from the 

group consisting of an acoustic measurement, an optical measurement and an ultra-wide 

band measurement.

17. The method according to any one of claims 13 to 16, said plurality of first 

measurements and/or said one or more pluralities of subsequent measurements between 

said first measurement device (120a; 120b) and said second measurement 

device (12la; 12lb) consists of one distance and one direction measurement between said 

first measurement device (120a;120b) and said second measurement device (121 a; 121b).

18. The method according to any one of claims 13 to 17, wherein said first body 

part (101; 104) is a torso (104) or ahead (101) of said user (100); and/or

wherein said second body part (102; 103; 106-108) is an upper limb (107,108) or a 

wrist (103) or hand (102) of said user (10).

19. The method according to any one of the claims 13 to 18, wherein said tracked 

position of said second body part (102; 103; 106-108) relative to said first body part 

(101; 104) is used in a virtual environment.
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