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Abstract: Patients often report an effect after surgery of the
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measure two of three knee joint angles in real time, the angle
of flexion and extension as well as the abduction/adduction
angle. These were measured with textile strain sensors that
have been integrated into the bandage. The system allows slow
as well as very fast movements to be measured without
artefacts and recorded with high accuracy of 0.5 degrees.
Another system [2] uses inertial sensors to measure the
angles between selected body segments. The system has an
accuracy of +/-1 degree in the sagittal and frontal plane and +/2 degree in the transverse plane.
However, the presented systems also have restrictions. For
example, there is often a limitation to one knee joint angle or
only single points are focused, such as the sole calculation of
angles or the determination of activity. Furthermore, the
systems do not allow active feedback to support the user.
In this paper the concept of a smart bandage which is
currently being developed in the project “Knetex” [3] is
discussed.
The system focuses on a smart bandage that determines
the angular extent of three different knee joint angles and the
respective activity of the wearer with help of portable sensors.
Furthermore, the bandage has selected actuators that are
intended to draw the user’s attention to malpositions,
especially the giving-way phenomenon [4]. The overall
system is presented below.

1 Introduction

2 System overview

In the field of knee angle measurement, systems already exist
for research and commercial applications with different focus
settings. The authors of [1] present a knee bandage that can

In the "Knetex" project, a sensor-based textile aid is being
developed to help patients with surgically treated anterior
cruciate ligament ruptures in rehabilitation, as well as in
everyday life and sports, to avoid incorrect posture and
incorrect strain. In particular, the aim is to avoid the re-rupture
and complication rates of the operated leg, as well as injury to
the cruciate ligament of the healthy leg. The actuator system
integrated in a bandage provides local and direct
proprioceptive feedback by means of targeted, actuator-

anterior cruciate ligament which is called "giving way". This
manifest itself by a drop of the knee or a felt instability. This
phenomenon is difficult to measure and validate because it
usually does not occur regularly and is not reproducible under
laboratory conditions. The Knetex project takes up this point
by trying to actively support the rehabilitation process with a
bandage that can be worn in everyday life and is constructed
as a smart textile using sensors and actuators. For this purpose,
on the one hand it is attempted to actively record the
phenomenon of the "giving way" by measuring knee angles
etc. and by active user feedback. At the same time, the patient
is specifically advised by means of actuators to correct
incorrect posture or movement in order to make the
rehabilitation process more effective and prevent further
damage. Two 9-axis IMUs (inertial measurement units) form
the basis of the system. These are used together with a textile
strain sensor to calculate the knee angles. This paper gives an
overview of the planned system, the initial experiments to
measure the knee angles and the first results of the actuator
study.
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Figure 2: Block diagram of the sensor and actuator system

Figure 1 Knetex system Overview

implied stimuli as soon as unfavorable movement patterns are
detected. The movement behaviour of a patient should be
changed sustainably by repeated feedback during everyday
activities and therapeutic exercises.
The initial system is shown in Figure 1. The key point is
the Knetex device (in Figure 1: top right) that currently
consists of a textile carrier in the form of a bandage in which
sensors and actuators are integrated to detect the movements
and angles of the user's knee and to notify the user in case of
incorrect movements. The data is transmitted in encrypted
form via the mobile network to a server (in Figure 1: bottom,
centred), where it can be stored and prepared for the
physiotherapist or physician (in Figure 1: top left). The
processed data can then be displayed and evaluated using a
standard IT system (stationary PC, notebook, mobile phone,
etc.) in order to give the user feedback on the success of his
treatment and to be able to adjust the therapy accordingly.
In the context of the present publication, the Knetex
System will be presented and discussed in the following. The
publication focuses on the presentation of the initial work on
the design of the bandage with sensors and actuators and on
the processing of the data for the calculation of the knee
angles.

2.1 The Knetex device
The Knetex device shown in Figure 2 consists of two
components. These are on the one hand the bandage with
sensors and actuators and on the other hand a mobile device in
the form of a mobile phone to acquire the data of the bandage,
to control the actuators and to exchange the data with the
Knetex Server.

The sensors used in the current setup are two IMUs of type
TDK ICM-20948 (9 DOF including an acceleration sensor, a
gyroscope and a magnetometer), a combination sensor for
measuring temperature, humidity and air pressure (Bosch
BME 280) as well as an own design of a resistive bending
sensor on a silicon carrier. A vibrotactile stimulator (coin type
vibration motor of type B1034.FL45-00-015) as well as an
own design of a thermal stimulator (resistance heating
element) are used as actuators.
The control of the actuators and the reading of the sensor
data is done by a microcontroller board based on an ESP32
microcontroller, the sensor data is buffered on a standard
micro SD memory card for debugging purposes. The power
supply is realized by a standard rechargeable cell phone
battery which can be charged by an inductive charging circuit
according to QI standard.
As data connection between mobile phone and
microcontroller a wireless connection via Bluetooth is
established.

2.2 Measurement of knee angles
To measure three different knee joint angles
(flexion/extension, internal/external rotation, varus/valgus),
the IMU data is used initially. In subsequent work, the resistive
bending sensor is added to determine the knee angle and the
barometric sensor data in combination with the IMU data are
used later to determine the movement context.
Figure 3 shows the basic arrangement of the two IMUs
(marked red) on the right knee. One sensor is attached to the
outside of the upper leg, the other sensor is attached to the
lower leg centrally below the knee. The white "globes" at both
knees are passive markers of the reference measuring system
and have no influence or function in the Knetex system.
The correctness of the knee angles determined with the
help of the IMUs is checked by a motion capturing (MoCap)
system (camera-based Qualisys system). This systems are
often used as applications in biosignal processing, e.g. for gait
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analysis [5] or motion strategy analysis [6] and is used in this
work as a reference system.
To calculate the three different knee joint angles the
proposed method of [7] is adapted for the present work. The
procedure of the implemented system can be described as
followed:
1. Calculation of calibration parameters (offset, scale factor)
for each sensor
2. Measuring 3D acceleration, angular velocity and earth
vectors of both sensors
3. Calibration of the measured data of each earth magnetism
vector
4. Calculation of two quaternions [8] between both
acceleration vectors and the earth magnetism vectors
5. Estimation of a rotation matrix of each quaternion

These were analysed for several factors, such as suitability
in everyday life, security risks and corresponding measures
and their dimensioning. Mechanical stimuli by means of a
vibration motor as a vibrotactile stimulator and thermal
reception, which is carried out as a thermal stimulator by
means of a heating pad, have proven to be optimally suited for
use on the knee.
The two actuator elements are driven in parallel by the
microcontroller. Both systems are controlled by means of a
PWM (pulse width modulation) to control the heating power
and the motor speed. The heating pad is controlled in such a
way that no higher temperature than 40°C is applied to the skin
of the person using the system. Accordingly, the speed of the
heating process up to the maximum temperature is the only
parameter that can be selected. The vibration motors are
controlled in such a way that a sinusoidal course of the
vibration pattern is applied. Amplitude and frequency are
selectable and frequencies in the range of 50 to 100 Hz were
chosen for tests among the values reported in [9].

3 Evaluation and results
Figure 3: Attachment points of IMUs at the knee

6.

Calculation of knee joint angles from the obtained
rotation matrices
Steps two to six are iterated while measuring the three knee
joint angles to enable a measurement in real time.
To minimize sensor errors while measuring knee joint
angles calibration parameters must be calculated first. This
includes the hard and soft iron corrections for the
magnetometers. The parameters can be stored on the SD card
so that they do not have to be recalculated each time the system
is started. In order to guarantee a permanently reliable
measurement, the calibration values must be checked and, if
necessary, adjusted in a specified time interval. To
continuously calibrate the measured sensor data during
recording, an offset is subtracted from the sensor data of the
respective sample value.

2.3 Knetex actuator system
In the following, the actuators used in the bandage are
considered. The selection of the actuators was initially made
by a preliminary examination of different actuator systems. As
possible actuator mechanisms, nociception, thermoreception,
acoustic stimuli and mechanical stimuli were examined for a
possible application.

After the description of the Knetex system, the results of
the first investigations on knee angle measurement and the
acceptance of the actuator systems are presented below.
To test the accuracy of the angle calculation results, four
subjects were asked to repeat two activities three times. The
required activities were “Walking a defined route” and
“Simulation of climbing stairs”. The respective resolution of
the individual sensors used is: ±2g for the acceleration sensor,
±250°/s for the gyroscope, ±4900μT for the magnetometer.
The first results for "walking" and "climbing stairs" show
on average very small deviations of the Knetex system
compared to the MoCap reference system (2,40465 degree and
6,17735 degree). The standard deviation for the two activities
in degree are 9,1958 and 4,7399.
The two actuator systems in the form of the vibrotactile
and the thermal stimulator were evaluated in a separate test
series with 11 test persons. For this purpose, both systems were
attached to the knee one after the other in a bandage. The test
persons had to complete a task in the form of the "nine hole
peg test" [10] and simultaneously signal by means of a switch
when they noticed the stimulation of the respective system.
The time between activation of the stimulation and the test
person's recognition of the stimulation was measured and
resulted in the reaction time. The resulting response times were
on average 3,19s and 0,28s standard deviation for vibrotactile
stimulation and on average 103,96s and 55,81s standard
deviation for thermal stimulation. The results show that
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vibration as an actuator was recognized faster, better and more
clearly than the thermal stimulation which took a few seconds
to reach its maximum temperature of 40° and was often not
even noticed. For this reason, thermal stimulation was
classified as unusable so that vibrotactile stimulation will be
used in the following set ups.
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4 Conclusion and outlook
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