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Abstract 
 
 
 
It was demonstrated in recent studies that Complementary Limb Motion Estimation 
(CLME) is robust approach for controlling active knee prostheses. A wearable sensor 
system is then needed to provide inputs to the controller in a real-time platform. In the 
present work, a wearable sensor system based on magnetic and inertial 
measurement units (MIMU) together with a simple calibration procedure were 
proposed. This sensor system was intended to substitute and extend the capabilities 
of a previous device based on potentiometers and gyroscopes. The proposed sensor 
system and calibration were validated with an Optical Tracking System (OTS) in a 
standard gait lab and first results showed that the proposed solution had a 
performance comparable to similar studies in the literature. 
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Chapter 1 
 

Introduction 
 
 
1.1 Knee Prosthetics 
 
Limb amputation is a traumatic event in a person’s life. The main reasons for 
amputations are trauma, cancer or complications of dysvascular diseases such as 
diabetes. Regardless of their cause, amputations always impose many challenges to 
the amputees on performing basic tasks in daily life such as walking or grabbing an 
object. Such limitations can, to some extent, be overcome with the aid of prostheses.  
 
Among amputees, those who have undergone transfemoral (i.e. above-knee), 
amputation face an extra challenge on regaining their locomotion capability, since 
they can count only on the hip joint of the remaining limb to control the prosthetic 
device and face walking again [1]. Therefore much research effort has been done 
since the last century to develop prosthetic technology and allow above-knee 
amputees to regain, as much as possible, their walking capabilities. 
 
The most commonly used knee prostheses are self-contained and purely dissipative 
devices that consist of passive dampers. Passive knee prostheses can be subdivided 
in fixed damping and variable damping (see Figure 1), the later being the state-of-
the-art in knee prosthetics nowadays. 
 
Passive knee prostheses can be small and lightweight solutions and also do not 
require a strong external power source. However, they are incapable of providing a 
perfectly natural gait pattern, which usually results in compensatory movements. 
They also do not allow the amputee to perform movements that require a positive 
energy input such as stair ascent [2]. 
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Figure 1 – Examples of commercial passive knee prostheses. 

Fixed damping (upper row) and variable damping (lower row) prostheses. 

 
Studies [3] point out that above knee amputees using a prosthetic limb will have a 
higher level of oxygen consumption (45% to 70%) in comparison to a non-impaired 
subject while walking the same distance in a flat ground. The energy expenditure for 
amputees can increase even more in upward slope, doubling in comparison to 
healthy subjects in 10% slopes or even tripling in 20-25% slopes [4]. 
 
Bearing in mind the energy costs for amputees to walk and looking to improve their 
mobility by extending the capabilities of passive prostheses, the research at the 
Sensory-Motor Systems (SMS) Lab focuses on the development of actuated knee 
prostheses, since they can theoretically allow more natural movements and a 
broader range of activities. At the moment only one commercial actuated knee 
prosthesis is available, the Power Knee produced by Össur (Figure 2). 

 
 

Figure 2 – Active knee prosthesis from Össur. 
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1.2 Complementary Limb Motion Estimation (CLME)  
 
Although active knee prostheses offer advantages over passive ones, they need a 
controller for their actuator. The input for the actuation control is often provided by 
sensors placed on the remaining limb and/or on the healthy limb. These sensors 
provide the controller with information of the user’s current position and intention 
along the gait cycle [1]. 
 
Among control strategies proposed in the literature it can be mentioned the one 
based on EMG measurements from the remaining limb [5] or the replication of the 
healthy side [6-8], also known as echo control. However, these approaches present 
practical limitations that restrict their use in lower limbs prosthetics. EMG-based 
control, for instance, lacks robustness, since EMG signals are quite sensitive to noise 
and the echo-control has a constant time delay that is inherent in the replication from 
healthy to prosthetic side. 
 

 
  Figure 3 – Left: EMG control. Source [Reflex Leg, University of Twente, The Netherlands]. 

       Rigth: Echo-control. Source: [2]. 

 
Another control strategy called Complementary Limb Motion Estimation (CLME) was 
proposed by Vallery et al. [2,9-12]. It exploits the strong inter-joint coupling of human 
gait while being robust and delay-free. In this approach, measurements of joint 
angles and joint angular velocities from the healthy leg are used as inputs to a 
mapping function that estimates the angle and angular velocity of the prosthetic 
knee. The mapping function is previously calculated from measurements of an 
unimpaired subject, using Best Unbiased Linear Estimation (BLUE) regression. 

 
 

Figure 4 – CLME for control of active knee prosthesis. Source: [2]. 
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CLME offers the possibility to put the user in control of the prosthesis while 
overcoming the disadvantages of EMG and echo control, and is the approach used 
at the SMS Lab. 
 

1.3 Current Experimental Setup at the SMS Lab 
 
The current experimental setup at the SMS Lab consists of an actuated knee joint 
and a conventional passive foot. The active knee consists of a DC motor (Maxon 
RE40) with planetary gear (Maxon GP42-C) and also an optical quadrature encoder 
(Maxon HEDL-5540) to measure the joint angle. 
 
Flexion/extension angles and angular velocities of the hip and knee of the healthy leg 
are measured using goniometer-gyroscope devices, as proposed by Fuhr and 
Schmidt [13]. This measurement system is composed of pairs of potentiometer and 
gyroscopes placed above and below the joint and are connected by a telescopic arm 
(see Figure 5). After a simple calibration procedure the joint angle is extracted as the 
third angle of the triangle formed around the joint (Figure 5, left). The measurement 
units are attached to the body using elastic velcro straps and the CLME control runs 
on a real-time computer equipped with xPC Target (Mathworks). 
 
 

 
 

Figure 5 – Left: Working principle of the current goniometer system. Source: [14]. 
Right: Experimental setup in use during tests. Source: [12] 

 
The current experimental setup has been successfully tested by Vallery et al. [12]. 
When compared to the commercial C-Leg from Otto Bock, the subject participating 
on the tests was able to achieve a most physiological gait pattern, but with no 
contralateral vaulting. The subject was capable of walking at different speeds on a 
treadmill and also to ascend stairs, although difficulties were found during stair 
descent. In the discussion, the authors proposed the generalization of the CLME 
approach to enable seamless transitions between different activities and also 
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proposed improvements for the hardware to allow a more realistic testing. i.e. 
differentiate gait scenarios[12]. 
 
In order to achieve a seamless transition between activities a more general mapping 
function is needed [12]. One way to achieve that would be by extending the 
capabilities of the current sensor system by measuring more body parts, so that it 
can include kinematic information that enable differentiating between gait scenarios. 
In addition, the current sensor system has drawbacks in terms of wearability, size 
and weight. Its protuberant mechanical parts and attachment system make its use 
unpractical in daily life. 
 
 

1.4 Objective and Outline 
 
The objective of the present thesis is the development of a new sensor system for the 
active knee prostheses that overcomes the limitations of the current system and also 
expands its capabilities, e.g. allowing differentiation between gait scenarios. It should 
be small, lightweight, non-obstructive and comfortable to wear for long periods of 
time. It should attend the real-time constraints of the application and at least equals 
the current system in terms of performance. 
 
During this thesis, different sensor technologies for body motion capturing were 
investigated in a literature review. MEM (micro-electro mechanical) accelerometers, 
gyroscopes and magnetometers integrated to form a Magnetic and Inertial 
Measurement Unit (MIMU) were chosen as the most appropriate approach to be the 
basis of the new sensor system (Chapter 2). The new sensor system with all its 
accompanying hardware was designed, built, and connected to the real-time 
computer. A calibration procedure was developed for measuring 3D body joint angles 
(Chapter 3). Finally, the sensor system was validated using a reference Optical 
Tracking System (OTS) in which the preliminary analysis showed promising results 
(Chapter 4) 
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Chapter 2 
 

Choice of Sensor Technology 

In order to choose the most appropriate sensor technology for the new sensor 
system, first a set of requirements that the new system should fulfill was defined. This 
step was followed by a literature review searching for sensor technologies that would 
fulfill those requirements. The following sections will describe these steps. 
 

2.1 Definition of Requirements  
 
In this session, the requirements for the new sensor system are defined. They were 
based on the application specific demands and the desirable features for extending 
the capabilities already offered by the current sensor system. 
 
2.1.1 Wearability and Robustness 
 
The current measurement system, as presented in Chapter 1, is based on 
goniometer-gyroscope units. As a custom made device [13] it was specifically 
designed for the current application, but although its working principle is simple and 
intuitive, its construction has undesirable limitations; namely its size, weight and 
attachments make it uncomfortable and unpractical to use on a daily basis. The 
telescopic arms and the bulky casing of the units, for example, impose the restriction 
that the sensors cannot be used under clothes. In addition, attachments have to be 
tightly fixed to the body in order to avoid displacement during prolonged periods of 
use, making it uncomfortable to wear. 
 
Considering these limitations, it was defined that the new sensor system should be 
small and lightweight compared to the current system. Its attachment should be more 
comfortable to wear and robust against displacements over long use. The sensors 
placement between trials should not affect the repeatability of the measurements and 
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it should also be possible to wear the sensor system in daily life; therefore, no 
restrictions should be made on the clothing. 
 
 
 
2.1.2 Real-Time Application 
 
As discussed before, the CLME control is a real-time application. The current 
application runs at 1 kHz, and the current sensor system can operate at the same 
rate. The human gait, however, has its highest frequency components around 15 Hz 
[15], thus sample rates higher than 100 Hz would be acceptable for the new sensor 
system, provided that the latency is small and does not vary in time. Nonetheless, it 
is important to note that the higher the sample rate, the better the time derivatives 
that can be calculated from the data and used at the CLME control. 
 
2.1.3 Measurement Sites 
 
In order to have a more general CLME mapping compared to that proposed by 
Vallery et al. [12], more kinematic variables of the body should be measured. It was 
decided that the new sensor system should be able to measure ankle and trunk 
angles, in addition to hip and knee, which are also measured in the current setup. 
The trunk angle should provide information about changes from level walking to stair 
ascent or descent, since it can be observed that changes in posture, such as leaning 
forwards or backwards, are common when there are changes in gait scenarios. 
 
 
2.1.4 Accuracy and Repeatability 
 
The applicability of the current sensor system for joint angle measurement, based on 
potentiometers and gyroscopes, besides its disadvantages related to wearability, has 
been demonstrated by experimental tests [12]. Unfortunately, no validation or 
evaluation study describing its characteristics in terms of accuracy and repeatability 
is available. In order to define these requirements for the new sensor system, a 
sensitivity analysis was performed through a computer simulation. 
 
2.1.4.1 Desired Performance 
 
The target accuracy and repeatability was obtained from the day-to-day consistency 
of lower extremities kinematics during walking. The work by Wolf et al. [16] was used 
as reference, where a mean inter-trial variability of 3.8° was reported for the knee 
angle. In their study, measurements were recorded during two sessions one week 
apart and with the participation of sixteen healthy subjects. 
 
The value 3.8° was taken to be representative for the variability that can be expected 
to occur in healthy human gait. The guiding assumption on taking this value as 
reference was that the measurement system together with the control algorithm for 
the prosthetic knee (CLME) should not produce a position error of the prosthetic knee 
angle that exceeds the natural day-to-day variability; otherwise, it would be 
introducing abnormal alterations in the gait pattern. 
 



 

9 

Residual proprioception of the lower limbs in above-knee amputees was also 
investigated as a possible reference for establishing the requirements for the new 
sensor system [17], but a large variability was found among test subjects as a 
consequence of their different causes for amputation and time of amputation. 
Therefore, the day-to-day variability remained the reference limit for errors. 
 
2.1.4.2 Testing Tools 
 
With the intent to simulate different measurement scenarios and the errors that might 
occur on possible measurement systems, a simple program was developed 
implementing the CLME algorithm [12]. The program was written in Matlab and its 
flowchart is presented in Appendix A. 
 
A reference data set for gait during level walking was obtained from the open motion 
database from the Carnegie Mellon University, USA. The dataset used was from 
subject 39, trial 4. The reference data was recorded with a Vicon motion capture 
system with infrared cameras at 120 fps. Samples 1 to 400 from the selected 
recording were used for this analysis, corresponding to about 3.3 seconds of 
continuous measurement, containing three complete gait cycles. 
 
The accuracy and repeatability requirements were defined by estimating the effect of 
measurement errors in the CLME output. For that purpose, different measurement 
errors which are likely to occur in measurements of joint angles were added to the 
reference gait data (see Figure 6). The CLME output using simulated errors was 
compared to the CLME output using reference measurements (assumed to be free of 
errors) and the maximum difference between the outputs for both cases was used to 
define the sensor requirements. 
 
Static bias, scale-dependent error and measurement noise were the errors simulated 
for joint angles measurements. In the simulations it was assumed that the angular 
velocities were not measured separately, but obtained by differentiation of the angle 
measurements. This was done, since some sensors only output angles. 

 
 

Figure 6 – Illustration of the sensitivity analysis simulation. Modified from [2]. 
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2.1.4.3 Test results 
 
First, each measurement error was introduced separately and was varied in 
reasonable ranges until the maximum error on the output was reached (3.8°). From 
these initial simulations the maximum values allowed for each type of error were 
obtained, when only that error is affecting the measurement. Offset errors were 
constant values added to the reference measurement, the noise was a normal 
distribution with a given standard deviation (STD) and the scaling errors were defined 
as an error increasing linearly with the measured amplitude. Table 1 below presents 
the limits for each type of error. 
 
 

 Offset Noise STD Scaling 

Max. Value 3° 2° 5° 

 
Table 1 – Maximum value for each error type. 

 
 
In the next step, different combinations of the three given errors were simulated. The 
result is presented in Figure 7 below, where the surface represents the limit for 
combinations of measurement errors that produce a difference in the CLME output of 
less than 3.8°. The combinations that lie below the surface are acceptable, while the 
combinations above the surface will result in differences above the reference limit. 
 

 
Figure 7 – Limiting surface for measurements errors. 
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2.1.4.4 Tests Discussion 
 
In Figure 7 it can be seen that the angular bias seems to be the most important factor 
affecting the CLME output, since the major changes in the represented surface occur 
along the bias axis. The bias represents a systematic deviation from the true angular 
position, thus it is an indicator of accuracy required from the sensor system. 
Theoretically, biases can be eliminated or compensated during a calibration previous 
to measurements, where the zero position of each joint is defined. 
 
The standard deviation of the introduced noise on its turn represents the standard 
distance of the measurements from a given angular position, thus serving as an 
indicator of the required repeatability of the measurements.  The scaling error is a 
linear bias that increases with the amplitude of the measured variable. 
 
In summary it can be said that the added combination of these three different sources 
of measurement errors should not alter the inputs more than ±5° from its true value. 
Combinations of errors that exceed this value are very likely to produce differences 
on the output above the reference limit (3.8°). 
 
 

2.2 Wearable Body Motion Tracking Technologies 
 
Different sensing principles are employed for the task of motion tracking as discussed 
in the review work of Welch and Foxlin and there is “no silver bullet, but a respectable 
arsenal” [18]. The reason why there are so many approaches, but no definitive 
solution, lies in the fact that each approach has its own advantages and limitations 
and might be suitable only for a certain range of applications. Therefore, many 
research groups have decided to develop their own solutions, which usually meet 
only their particular needs. 
 
In this section, the different technological possibilities to be used for developing the 
new wearable sensor system will be briefly discussed. The discussion will be 
restricted to the approaches that could result in a wearable sensor system as 
intended for the current application. 
 
2.2.1 Magnetic and Acoustic Sensors 
 
Magnetic tracking systems usually rely on magnetometers to measure the magnetic 
field vector at the sensing unit from the local or a locally induced magnetic field. 
Alternatively, the sensing units can be actively excited by a multi-coil source unit and 
the relative orientation with respect to the excitation coil can be measured [18,19]. 
 
The advantage of magnetic tracking systems is that the wearable components can be 
small and no line-of-sight is required. However, this sensing principle is strongly 
affected by the presence of ferromagnetic and conductive materials in the sensing 
environment. In the current application, this limitation is very important since the 
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active knee prosthesis is mainly composed of ferromagnetic parts: it has a metallic 
shaft and is actuated by a DC motor with a permanent magnet inside. Thus a purely 
magnetic sensing technology cannot be used for developing the new sensor system. 
 
Alternatively, acoustic sensing was considered. This approach uses sound waves to 
measure the time-of-flight between transceivers. With the known speed of sound in 
air, the distance between two transceivers can be calculated. In addition, 3D tracking 
is possible with triangulation or omnidirectional transducers. 
 
In order to avoid interference with environmental noise and also increase resolution, 
it is usually beneficial to operate at high frequencies. However, the selection of a 
higher operation frequency reduces the operational range because of the frequency-
dependent attenuation in the air and limitation on the transducer size. In addition, 
sample rates on acoustic systems are limited by a phenomenon called reverberation, 
where depending on the environmental acoustics and tracking volume, it is 
necessary to wait 5 to 100 ms between excitations to allow the echoes from previous 
measurements to die out. Also, variations in ambient temperature, humidity and wind 
affect the speed of sound, thus reducing the accuracy of acoustic measurements 
[18]. 
 
Due to its intrinsic limitations, purely acoustic sensing technology is also not a 
suitable choice for the current application. 
 
2.2.2 Optical Goniometers 
 
Optical Tracking Systems (OTS) are the state-of-the-art in motion tracking in 
cinematography, computer animation and biomechanics research. The most common 
type is based on infrared (IR) cameras and reflective markers placed along the body. 
However, such systems are far from being a wearable solution, but rather a precision 
laboratory tool. In addition, OTS can perform measurements only within a fixed 
volume covered by the group of cameras used. Therefore, the alternatives involving 
optics found in the literature were fiber optic curvature or stress induced birefringence 
sensors. 
 
Fiber optic curvature sensors exploit the loss of light within an optic fiber when the 
fiber is bent. Such sensor systems usually present low hysteresis and moderate 
accuracy while being flexible and lightweight [20]. The drawback, however, is that 
complete optical fiber systems for 3D measurements consist of bundles of optical 
fibers and are often rather costly. Single fiber systems, on the other hand, cannot 
distinguish between bending directions (1D sensing) and have a limited range of 
bending radius. Furthermore, the optical loss that they use as the measuring principle 
can be caused by other factors other than bending alone, which reduce their 
accuracy under certain conditions [21]. Examples of motion tracking sensors based 
on fiber optic bending are presented in Figure 8. 
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Figure 8 – Fiber optic bending based systems. 
Left: AD Instruments MLTS700. Right: Measureand ShapeWrap III. 

 
The other wearable optical-based technology found in the literature uses the 
principles of stress induced birefringence, as proposed by Donno et al. [21]. The 
sensing principle is the change in polarization of light while propagating in an optical 
fiber with loops and subject to stress (see Figure 9). This is a rather novel approach 
with no commercial products available, but with good results in terms of accuracy. 
 

 
 

Figure 9 – Optical goniometer based on stress induced birefringence. Source: [21] 

 
From the point of view of the current application, the optical-based devices are 
promising choices. However, no device or system was found that would attend all the 
requirements demanded, especially in respect to the coverage of all measurements 
sites of interest. 
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2.2.3 Electro Goniometers 
 
The use of electromechanical transducers to measure joint angles in the field of 
wearable body motion tracking systems is widely spread. The most common ones 
are conductive fibers integrated into fabric or strain gauge based goniometers. 
 
With the development of textile technologies, many research groups have proposed 
solutions where sensing materials are integrated into elastic fabrics. The strain and/or 
displacement of the fabric around the joint is transduced by electronic circuits and is 
used to measure the joint angle. These approaches mainly pursue a good wearability 
of the sensing devices and usually employ conductive fibers [22]. Examples of fabric 
integrated sensing devices are [22], [23] and [24], which are illustrated in Figure 10. 
 

 
 

Figure 10 – Fabric integrated solutions for body motion measurement. Sources: [22-24] 

 
Although these approaches seem promising in the future, they are mainly 
experimental and no commercial solution is available. In addition there are also 
inherent measurement errors due to material hysteresis and fabric displacement 
during prolonged use, limiting their performance and robustness. 
 
The other category of electrogoniometer is based on strain gauge sensors. Among 
them, the most renowned and clinically used solution is the family of twin-axis flexible 
electrogoniometers from Biometrics Ltd (see Figure 11). These goniometers consist 
of two plastic endplates connected to each other by a central strain gauged shim. 
They can simultaneously  measure angles in up to two planes of movement. They 
also do not require a predefined center of rotation and operate on the principle of 
added strains. If the device is perfectly aligned with the body plane of interest, it will 
measure the true joint angle between two body segments. [25] 
 
Within the family of strain gauge based goniometers from Biometrics, there are 
options designed for all the major joints in the lower and upper body, thus covering all 
the joints required in the present application, i.e. ankle, knee, hip and back. 
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Figure 11 – Strain gauge goniometer from Biometrics Ltd. Source: [www.noraxon.com] 

 
Since it is one of the most clinically used tools for joint angles measurement, the 
strain gauge goniometer from Biometrics Ltd has been extensively used in research 
and medicine as a standard device in many procedures. Studies [25-27] report 
validation and reliability tests performed on clinical scenarios, and it has been 
demonstrated as a reliable and accurate tool (3.5°) for joint angle measurement.  
 
The strain gauge goniometer, however, also has limitations. The strain gauge signal 
is on the order of only a few milivolts and therefore requires special cables and pre-
amplification close to the device to avoid signal degradation by noise, thus increasing 
the amount of equipment to be worn. Measurement errors due to hysteresis of the 
sensing material have also been reported (in the order of 1-2° [25]). In addition, 
cross-talk errors due to end plates misalignment during sensor fixation and/or 
anatomy variations among individuals can affect the output in up to ±5° [27]). Finally, 
the strain gauge goniometer has also an important limitation regarding their 
temperature operational range (+10° to +40°C). Temperature changes during 
measurements could affect their performance, although no experimental report was 
found on this matter. 
 
Regardless of its limitations, the strain gauge goniometer is still an eligible choice to 
compose the new sensor system and will be further compared to another solution. 
 
 
2.2.4 Magnetic and Inertial Measurement Units (MIMUs) 
 
An alternative to the solutions presented above was developed from Inertial 
Navigations Systems (INS), which are used in ships, submarines and airplanes since 
the 1950s. They are called Inertial Measurement Units (IMU) and rely upon MEM 
(microelectronic mechanical systems) gyroscopes and accelerometers. Alternatively, 
MEM magnetometers can also be integrated in IMUs to provide absolute orientation. 
These devices are called magnetic and inertial measurement units MIMUs. 
 
In MIMUs, three accelerometers are built orthogonally one to another and provide the 
device with a reference gravity vector and pose orientation. Furthermore, three 
gyroscopes, also orthogonally assembled, provide the device with measurements of 
rotational movement. Finally, three orthogonal magnetometers provide the north 
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reference vector for sensor absolute orientation and compensate for gyroscopes’ 
drift. A Kalman filter is responsible for fusing the data from the 9 sensor and for 
estimating the sensor orientation changes. Finally, from the initial gravity and north 
vectors and the Kalman filter output, the sensor can track its current absolute 
orientation (see Figure 12). 

 
Figure 12 – Working principle of MIMUs. Source: based on [33]. 

 
IMUs and MIMUs are one of the most investigated alternatives in the development of 
wearable sensors systems for body motion tracking. Different studies report their use 
with satisfactory results in biomechanics and clinical situations [28-32], as well as in 
movie animation, virtual reality and military navigation [33,34]. The reasons for such 
interest on IMUs and MIMUs are the unmatched capabilities that these sensors 
provide: self-contained 3D body motion tracking at low cost, small size and weight, 
low latency and low jitter. 
 

   
Figure 13 – Examples of IMU/MIMU systems for body motion tracking. 

Left: Xsens Xbus kit. Right: Yost Engineering 3 Space sensors. 
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However, IMU/MIMUs have one major limitation that prevent them from being the 
“silver bullet” [18] for motion tracking: drift. Drift affects the gyroscopes particularly in 
static or quasi-static conditions and can only be compensated with another drift-free 
reference measurement. Therefore, magnetometers are used to compensate for 
gyroscope drifts. However, with the addition of magnetometers another problem 
arises: non-uniformities or perturbations on the magnetic field will deteriorate sensor 
orientation accuracy. 
 
For the current application, IMU/MIMUs are indeed a very attractive option, since 
they seem to fulfill all the requirements defined in section 2.1. They would also 
enable the direct measurement of angular velocities and accelerations, which can be 
used to improve the CLME control. The use of magnetometers is, however, restricted 
by the presence of the prosthesis, as mentioned in section 2.2.1. Therefore during 
measurements, the MIMUs should be used simply as IMUs. 
 

2.3 Sensor Selection 
 
From the discussions above, the strain gauge goniomenter (SG) and the IMU/MIMU 
were considered as the most suitable choices for the new sensor system, having 
fulfilled most the requirements defined in section 2.1. Therefore, a systematic 
comparison between the two eligible choices was performed in order to support a 
selection. 
 
For the purpose of visual comparison, a simple sign system was devised as 
presented on the right side of Table 2. The green sign represents a satisfactory 
characteristic of the sensor, while the red sign means an unsatisfactory or inferior 
characteristic. The yellow sign means that in a certain aspect the sensor does not 
have a ready-to-use solution and therefore a custom made solution is necessary. 
 

 
 

Table 2 – Comparison of relevant characteristics of IMU/MIMUs and SG goniometer. 
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From Table 2 it can be seen that both sensors are equally satisfactory in terms of 
accuracy and size and weight. Regarding the interface with the real-time computer 
(xPC), both sensors would need a customized interface i.e. a digital one for the 
IMU/MIMU and an analog for the SG goniometer. However, regarding the number of 
degrees of freedom and operation conditions, the IMU/MIMU offers advantages over 
the SG goniometer, namely 3D joint angle measurement with no cross-talk errors and 
a wide temperature independent range of operation. 
 
Given the advantages offered by the IMU/MIMU sensors, they were the selected 
technology for building the new sensor system. After comparing MIMUs from different 
manufacturers, the sensor YEI 3-Space Embedded (TSS-EM) from Yost Engineering 
Inc. (USA) was chosen as the smallest and most flexible solution that fulfilled all the 
demands of this project. It is a low cost, self-contained and ready-to-use attitude and 
heading reference system (AHRS) with on-board Kalman filtering algorithm and three 
communication interfaces (USB, UART and SPI). 

 

 
 

Figure 14 – Yost Engineering 3-Space Sensor Embedded. 
 
 



 

19 

 

 
 
 
 
 
 
 
 
 
Chapter 3 
 

Hardware Design and Calibration 
 
Once the measurement devices had been chosen, the challenge was the design and 
construction of the complete system, communicating to real-time computer (xPC) and 
prepared to measure body motion. In this chapter, the sensor system design and 
construction from the hardware point of view is described in the first section. In the 
second section a calibration procedure to extract the segment and the joint angles is 
presented. 
 

3.1 Hardware Design 
 
Besides the sensing units (MIMUs) the sensor system is also composed of cables, 
connectors, sensor enclosures, attachment straps and electronic boards. In this 
section the main hardware components and design issues are briefly described. A 
more detailed description together with the technical documentation regarding the 
sensor system hardware is given in Appendix B. 
 
3.1.1 Connectivity with xPC 
 
One of the main issues during the hardware design was how to connect the 8 
sensors distributed along the body segments of the lower limbs and trunk to the real-
time computer (xPC). The goniometer-gyroscope system has analog outputs and 
therefore it also has its own data acquisition module (National Instruments PCI 6071). 
For the current system, digital signaling is used, and therefore another solution has to 
be devised. 
 
First, wireless communication between the sensors and the target computer was 
considered. However, for this approach it would be difficult to guarantee no 
communication jitter at full operational rate and the real-time constraint could be 
compromised. Furthermore, the use of wireless units would demand the use of 
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batteries, which increases the weight of the units and brings the inconvenience of 
limited time of operation. 
 
Thus, the solution should involve wires. The sensors offer support to both, USB and 
serial communication (UART), but xPC Target does not support USB devices since it 
would compromise its real-time architecture. The remaining option was to use serial 
communication. Therefore, an extension PCI serial board (Quatech ESC-100-D9) 
which has 8 RS-232 serial ports was acquired. Each sensor is connected to one port. 
 
Once the type of communication was defined, the next challenge was how to avoid 
the inconvenience of having 8 cables connected to the xP. In fact, it would be a very 
unpractical approach, affecting the mobility of the subject and also the wearability of 
the whole system. The solution devised was to serialize the streams of data of all 8 
sensors before transmission and then de-serialize them back before connecting to 
the xPC, thus having one single cable connecting the wearable sensors to the xPC. 
 
One communication protocol that would allow serializing the streams of data from 
each sensor and still have a long and lightweight cable for good subject mobility was 
found to be LVDS (Low Voltage Differential Signalling), which is commonly used for 
the serialization of video data. No publication was found reporting the use of LVDS 
for carrying serialized data of RS-232 (which is already a serial). 

 

 
 

Figure 15 – Conceptual view of the sensor system and its connection to the xPC. 

 
In summary, one MIMU was used per segment i.e. foot, shank, thigh, lower-back and 
upper-trunk, and the ones on the same limb were connected to each other. The 
MIMUs were then connected to a small wearable module, where their signals are 
serialized and transmitted over a cable to another module close to the xPC. The 
second module then, de-serializes the data streams and convert them to RS-232 
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before going into the 8-port PCI card. The cable used for connecting both modules 
was a standard STP network cable, 10 meters long. 
 
 
3.1.2 Electronic Boards and Attachment 
 
Once the sensor system was conceptually defined, the next step was its construction. 
Therefore two electronic boards were designed and built. The first is the static 
module that connects directly to the xPC. The second is a wearable module that is 
connected directly to the sensors. On the first board, in addition to the 
serialization/de-serialization and the UART to RS-232 conversion, a galvanic isolation 
between the wearable electronic devices and the power supply was implemented for 
patient protection against electrical shock. A medical approved DC-DC converter with 
protection against over-voltages of up to 4kV was used. Further details concerning 
the electronic design are presented in Appendix B. 
 

 
 

Figure 16 – Statics module, electronic board. 

 
For housing the sensors and electronic boards, plastic enclosures from OKW 
Enclosures, Inc. were chosen. The minitec edge series with intermediate rings was 
used for the sensors while the soft-case series was used for the electronic boards. 
Elastic straps with Velcro were used to fix the sensors to the body segments. These 
straps are 20mm broad and have a silicone layer that provides low slippage when in 
contact with the skin. 

               
 

Figure 17 – Plastic enclosure and elastic strap. Source: OKW Enclosures, Extremtextil. 
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The final setup for the new sensor system is presented in figures 18 and 19. 
 

       
 

Figure 18 – Static (left) and wearable module (right). 

 

 
 

Figure 19 – New wearable sensor system in use. 
 

3.2 Calibration 
 
Once the hardware was built, tested and the interface with the xPC was 
implemented, the next step was to develop a methodology to extract the body joint 
angles from the sensors outputs. In this section, a simple and time-efficient 
calibration procedure is proposed to measure joint angles using IMU/MIMUs. 
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3.2.1 Problem Definition and Overview 
 
The MIMU sensors provide as output their absolute orientation in respect to a global 
coordinate system (GCS), where the y-axis is pointing in opposite direction to the 
gravity vector (upwards), z-axis is pointing towards the local magnetic north and x-
axis is pointing east. 
 
But the measurement of body angles, require the measurement of the rotation angles 
about the axes of a body coordinate system (BCS). Following the recommendation of 
the International Society of Biomechanics (ISB), the BCS used in the present work 
has a y-axis pointing upwards, a x-axis pointing forwards and a z-axis pointing to the 
right. In other words, the y-axis is normal to the body transverse plane, the x-axis 
normal to the body coronal plane and the z-axis normal to the body sagittal plane. 
 
Based on such definition of the body coordinate system, rotations about the x-axis 
correspond to abduction-adduction (AA), rotations about the z-axis correspond to 
flexion-extension (FE) and rotations about the y-axis correspond to internal-external 
rotation (IE), as presented in Figure 20. 
 

        
 

Figure 20 – Anatomical body planes (left) and body coordinate system (right). 
Source: Wikipedia: Anatomical Planes. 

 
Different groups have proposed methods to use IMU/MIMUs’ absolute orientation (in 
GCS) to measure body joint angles [28-32]. The common scenario faced in these 
studies is that the sensors’ most convenient attachment site is not aligned with any 
anatomical plane. Thus, they need to develop a calibration procedure that aligns the 
sensors with the coordinate system of their respective segment. Since the sensors 
are assumed not to move after the calibration, a fixed transformation that rotates the 
sensors’ initial position to the initial position of the BCS can be applied (Figure 21). 
 
As examples found in the literature, Bergmann et al. [32] used a proprietary software 
(MT Software from Xsens) to calibrate and align the sensors’ axes to the body 
planes. O’Donnavan et al. [31] proposed a technique that provides 3D joint angle 
measurement without need of a fixed coordinate system, i.e. GCS. However, their 
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calibration procedure involved the use of two rotational movements, each one around 
one of the anatomical planes. However, this approach is not convenient for the 
current application, since it demands movements that are not practical for an 
amputee, such as uniform rotation around the body vertical axis. 
 
Favre et al. [29,30] proposed a calibration procedure using passive movements 
(aided by another person) of two connected segments (e.g. thigh and shank) in one 
of the body planes (sagittal or coronal). The 3D angular velocity vector during this 
movement was used to find the angle between the BCS of the two sensors, provided 
that their vertical axes were already aligned with each other. This calibration 
procedure, however, is also not suitable for the present application, since it requires 
uniform movements, which can be rather demanding to the amputees, who already 
have limited mobility. It would also require more complex movements to calibrate the 
sensors for hip and trunk measurements. 
 

 
 

Figure 21 – Fixed alignment transformation (in green) from sensor to body frame. 

 
Finally, in a recent study, Beravs et al. [28] proposed a simplified procedure, where 
only one MIMU, placed on the lower-back, is used to define the BCS. The orientation 
of this BCS is used for the BCS of every segment. This approach seemed very 
promising and convenient for the current application, since only one standing posture 
would be enough to calibrate all sensors in respect to their BCS. In fact, this 
calibration procedure was attempted, but due to lack of complete information on how 
the output quaternion of our sensors are calculated, i.e. the Kalman filter and output 
orientation are proprietary from YEI, another simple calibration procedure involving 
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two static postures was developed, but still inspired by the one proposed by Beravs 
et al. [28]. 
 
In order to use the IMUs output orientation in the GCS to calculate the body joint 
angles, a sequence of steps were used. The first step consisted of defining the BCS 
in global coordinates. In the second step, the sensor misalignment in relation to the 
coordinate system of its corresponding segment was calculated. In the third step, the 
segment orientation with respect to the initial standing posture was calculated using 
the alignment transformation calculated in the previous step. Additionally, the rotation 
angles around the body axes were calculated and decomposed into three orthogonal 
rotations: AA, FE and IE. Finally, in the fourth step the angles of two connected 
segments were subtracted from other, in order to obtain the corresponding joint 
angle. These steps will be discussed in detail in the following sessions. 
 
 
3.2.2 Defining Body Planes 
 
The method proposed in the present work to define the BCS in global coordinates is 
rather simple, quick and convenient. First, the subject stands straight and still for two 
seconds and then sits straight and stays still for another two seconds. Measurements 
of the gravity vector, in sensor coordinates, are taken from the MIMUs placed on the 
thighs. The assumption made in this approach is that the change in orientation of the 
thighs between the two postures takes place only in the sagittal plane. 
 
Since the cross product of two vectors in a plane results in a third vector normal to 
that plane, the cross product of the gravity vectors obtained in both postures will 
result in a vector normal to the sagittal plane, which in the present case is the z-axis 
of the BCS. In addition, the y-axis in the BCS can be defined as a perfect vertical 
vector y = [0 1 0] and the x-axis is calculated as the cross product of y and z (Figure 
22). 
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Figure 22 – Calibration postures used for defining the BCS. 
 
 
 

3.2.3 Alignment to Body Segments 
 
The next step is to calculate the constant transformations for each sensor that aligns 
it to its respective body segment. As discussed previously, this procedure is 
necessary to compensate for the fact that the sensors are attached to the body 
segments without any compromise of being aligned with the anatomical planes. 
 
Throughout the literature, the standing straight position is commonly defined as the 
physiological zero for the joint angles and, therefore, it is also used in the present 
work. Since the first posture of the calibration is standing, the alignment 
transformation is defined as the rotation matrix that, when applied to the sensors 
output in that posture, produces the initial position of the BCS; that is, after applying 
the alignment transformation to the standing posture, the sensors output should be in 
the zero position of the BCS. Thus, the rotation angles for all segments should also 
be zero (Figure 23). 
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Figure 23 – Alignment of sensors to corresponding body segments. The transformation TSB 
(in green) rotates the sensor output in the standing posture (S0) so that it corresponds to the 

BCS, B0. Subscript G means that the matrix is in the GCS. 

 
The procedure illustrated for the left thigh in Figure 23, is in fact performed for all the 
other sensors, so that each one of them has their own alignment transformation. The 
alignment transformations need to be calculated only once before the measurements, 
i.e. for each time the sensors are attached to the body. It is, therefore, assumed that 
they do not move in relation to the segment, during or in between measurements. 
 
 

3.3 Measurement  
 
Once the calibration phase is finished, i.e. BCS and TSB have been defined; the next 
step is to effectively perform the measurements. The sensors 3D orientation output in 
the ‘two vector’ format (see [33] for other output formats) is used. It consists of two 
orthogonal vectors, given in global coordinates, representing the orientation of the z- 
and y-axes of the sensor. These vector are called forward and downward (f and d) 
vectors, respectively. 
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For each measurement sample, a matrix S, in global coordinates, is composed from 
the sensor outputs f, d and their cross product (see Figure 24). The alignment 
transformation is then applied to S in order to obtain the segment orientation B, in 
global coordinates. 
 
Since the final purpose is to have the rotation angles of the body segments in respect 
to the body’s “zero” position (B0), the segment orientation B is multiplied by the 
inverse of B0, to obtain the segmentation rotation from its initial orientation. The 
resulting matrix R is then decomposed into rotation angles around the body axes. 
 
As mentioned in section 3.2.1, the sole rotation around zb results in flexion-extension, 
the sole rotation around xb results in abduction-adduction and the sole rotation 
around yb results in internal-external rotation. Thus, the segment rotations can be 
calculated as the Euler angles from R. 
 

 
 

Figure 24 – Segment orientation calculation. 
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Finally, the joint angles can be calculated simply as the difference between the 
orientations of the two segments that compose the joint (see Figure 25). 
 

 
 

Figure 25 – Joint angle as difference between segment angles. 
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Chapter 4 
 

Validation and Results 
 
In order to evaluate the sensor system and the calibration procedure proposed in the 
last chapter, a set of validation measurements were performed and compared with an 
optical tracking system (OTS). In the next sections, the validation protocol and the 
test results are presented.  
 

4.1 Validation 
 
In order to compare the performance of the MIMU-based sensor system developed in 
this project, a reference measurement tool was needed. As stated previously, optical 
tracking systems (OTS) are the state-of-the-art laboratory-based gait analysis tools. 
In the present work, the Qualysis Motion Capture System from Qualisys AB 
(Sweden) was used as reference measurement tool. 
 
A test environment was set up in our lab with eight infrared cameras at different 
heights (see Figure 26). A standard treadmill was placed in the center of the 
measurement volume, where the walking trials were performed. Passive markers 
were placed at bone landmarks at the lower limbs and trunk according to [35]. 
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Figure 26 – Camera positioning (left) and markers visualization (right) during measurements. 

 
The Qualisys accompanying software (Qualysis Track Manager, QTM) was used to 
extract the segment angles from the markers’ position data. The 3D rotations of each 
body segment were obtained by defining the group of markers in each body segment 
as a rigid body and the joint angles were calculated as the difference between the 
angles of two adjacent segments. 
 
The main objective of the validation test was to evaluate the performance of the 
proposed system with respect to the OTS. In this first validation experiment, the 
system’s sensibility to the calibration procedure and to the attachment site was 
investigated. Therefore, an experimental protocol was proposed to cover these 
objectives (Table 3). 
 
 

 Attachment 1 Attachment 2 Attachment 3 

Calib. 1 x   
Walk 1 x   

Walk 2 x   

Walk 3 x   

Calib. 2 x   

Calib. 3 x   

Calib. 4  x  

Walk 4  x  

Calib. 5  x  

Walk 5   x 

Calib. 6   x 

 
Table 3 – Experimental protocol proposed for sensor system validation. 

 
In the first measurement phase (Attachment 1), calibration measurements were taken 
before and after the three walking trials. The expected result is that different 
calibrations for the same sensor attachment should not vary much. Major alterations 
in the system’s performance, would indicate high sensibility to the calibration 
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procedure. Similarly, the performance for the three different attachment sites should 
not change much either, otherwise high sensibility to the attachment site is indicated. 
 
In total, two non-impaired male subjects participated in the measurement trials. The 
walking sessions lasted 30 seconds each, with the treadmill at 0° inclination and 
running at a constant speed of 4 km/h. For the calibration procedure, a chair was 
used as support for the sitting posture. 
 

 
 

Figure 27 – Subject walking on the treadmill with sensors and markers attached. 

 
 

4.2 Results 
 
After the validation experiments, the data was post processed using Matlab. For 
synchronizing data segments from both systems i.e. OTS and IMU, an analog trigger 
signal from the OTS was used. After extraction a simple statistical analysis was 
performed to estimate the accuracy and reliability of the IMU-based system. The root 
mean square error (RMSE) and the correlation coefficient (CC) were used as 
analytical tools for evaluating the system’s accuracy and reliability, respectively [36]. 
 
Figures 28 and 29, present the knee angle measured with the IMUs and with the 
OTS in a standard trial for subject 1 and 2, respectively. Similarly, figure 30 and 31 
present the hip angle, figure 32 and 33 the thigh segment angle and figure 34 and 35 
the shank segment angle. 
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Figure 28 – Left knee angle measurements for Subject 1. 

 
 
 

 
Figure 29 – Left knee angle measurements for Subject 2. 

 
 

Please note that both subjects showed a different gait pattern. For Subject 2, both 
methods revealed a lack of initial knee flexion. 
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Figure 30 – Left hip angle measurements for Subject 1. 

 

 
Figure 31 – Left hip angle measurements for Subject 2. 

 

In the hip angle measurements it could be observed that for both subjects there are 
significant oscillations and asymmetries in the IMU measurements when compared to 
the OTS. One possible reason for these errors are the muscle movements and 
resulting shaking of the sensors, deteriorating their performance, as will be discussed 
during the analysis of results in the next section. 
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Figure 32 – Left thigh segment angle measurements for Subject 1. 

 

 
 

Figure 33 – Left thigh segment angle measurements for Subject 2. 
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Figure 34 – Left shank segment angle measurements for Subject 1. 

 

 
Figure 35 – Left shank segment angle measurements for Subject 2. 

 
In this first validation experiment, only the results concerning FE of hip and knee 
angles were analyzed. Further investigations should address the measurements of 
ankles and trunk as well as rotations on the other body planes (AA and IE). 
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Tables 4 and 5 below present the RMSE and CC [36] for the knee and hip angle of 
subject 1 and 2, respectively.  Table 6 presents the average of these values for all 
trials and both subjects. 
 

 RMSEknee,FE CCknee,FE RMSEhip,FE CChip,FE 

Walk1 (cal.1) 5.8448     0.9502    11.5236     0.6849    

Walk1 (cal.2) 5.8867 0.9498 11.5572      0.6942 
Walk1 (cal.3) 6.1227     0.9439    10.2288     0.7617    

Walk2 (cal.1) 5.9480     0.9474    11.3318     0.7315    
Walk2 (cal.2) 6.1275     0.9445    11.6043     0.7237    

Walk2 (cal.3) 6.4626 0.9365 10.1146 0.7887 
Walk3 (cal.1) 6.4409     0.9390    12.3057     0.6755    

Walk3 (cal.2) 6.3044     0.9418    13.1031     0.6195    
Walk3 (cal.3) 6.6049     0.9340    10.7413     0.7623    

Walk4 (cal.4) 4.8397 0.9743 7.6163     0.8772    
Walk4 (cal.5) 4.8194     0.9746     7.6302     0.8774    

Walk5 (cal.6) - - - - 

Average 6.1860 0.9455 10.5409 0.7549 

 
Table 4 – Statistical results for Subject 1. 

 
 

 RMSEknee,FE CCknee,FE RMSEhip,FE CChip,FE 

Walk1 (cal.1) - - - - 

Walk1 (cal.2) - - - - 

Walk1 (cal.3) - - - - 

Walk2 (cal.1) 6.1215     0.9675    10.3635     0.7530    
Walk2 (cal.2) 5.6627     0.9707    10.9179     0.7050    
Walk2 (cal.3) 6.8908     0.9683    10.0448     0.7361    
Walk3 (cal.1) 6.0844     0.9729    10.7505     0.7147    
Walk3 (cal.2) 5.5578     0.9731    11.0139     0.6792    
Walk3 (cal.3) 5.2475     0.9761    11.2036       0.6767 
Walk4 (cal.4) 5.4805     0.9769    6.7314     0.8990    
Walk4 (cal.5) 4.6076     0.9817     8.4102     0.8585    
Walk5 (cal.6) - - - - 

Average 5.766 0.9734 9.9224 0.7527 

 
 

Table 5 – Statistical results for Subject 2. 
 

 

 Knee FE Hip FE 

RMSE 5.9° 10.3° 

CC 0.96 0.74 

 
Table 6 – Mean result for all trials of both subjects. 

 

The mean difference of the RMSE for the knee angle was calculated for different 
calibrations. For example, RSMEwalk1,cal.1 - RSMEwalk1,cal.2 , RSMEwalk1,cal.1 - 
RSMEwalk1,cal.3 and RSMEwalk1,cal.2 - RSMEwalk1,cal.3. For subject 1, a mean difference of 
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0.2186° was obtained, when different calibrations were used for the data of the same 
trial. For subject 2, the mean difference was 0.5718°. Variations of the CC for both 
subjects were less than 0.01. 
 
In addition, to estimate the sensibility of the measurements to different attachments 
sites, the difference of the RSME between attachment 1 and attachment 2 was 
calculated. For subject 1, the difference was 1.3641° for the knee and 3.7668° for the 
hip. For subject 2, these values were 0.8834° and 3.1449, respectively. 
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Chapter 5 
 

Discussion and Conclusion 
 
On this chapter, a critical analysis of the results is made, highlighting the strengths 
and weaknesses of the proposed sensors system and the calibration procedure. The 
possible sources of errors in the validation measurements are identified and solutions 
are proposed. Finally, the main achievements and contributions of the present work 
are highlighted and the outlook for improvements is given. 
 

5.1 Discussion 
 
From the results presented in the last section, the first conclusion is that the sensor 
system and the proposed calibration procedure are able to measure knee and hip 
angles. However, the target accuracy defined previously as 5° could not be met from 
the validation experiments for neither of the joints. The IMU measurements have, 
visually and quantitatively, a poorer uniformity and symmetry with respect to the 
reference measurements. It is also interesting to note the difference in accuracy 
between and hip and knee angles (Table 4 and 5), which might suggest that a source 
of error is strongly present in one measurement but not so much in the other. 
 
In attempt to investigate the cause for these results, the thigh and shank angles were 
also analyzed. In figures 32 to 35 it can be seen that, for both subjects, the thigh 
segment angle seems to suffer significantly from perturbations that change the 
waveform, temporal response and amplitude of the IMU measurements (Figure 32 
and 33). While for the shank segment, Figure 34 and 35, the measurements seem to 
have a much better agreement with the reference system. 
 
Thus, a possible explanation for these errors is that the IMUs on the thighs suffer 
from considerable movements during walking, due to muscle activation and 
accelerations at heel strike, i.e. when the foot touches the ground, as can be seen in 
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Figure 36. Both displacement and acceleration, have an influence on the 
measurement accuracy of the IMUs, i.e. the displacement leads to changes of the 
orientation of the sensors that are not part of the gait and the accelerations appear as 
noise in the measurements. 
 
 

 
 

Figure 36 – Muscle activation in the legs during gait cycle. 
Source: [http://www.pieas.edu.pk/marif] 

 
It can be observed that the largest differences between the IMU and OTS 

measurements are found during the stance phase, the gait phase where heel strike 

occurs (see figure 37). In addition, the largest variations in the RSME were obtained 

when the IMUs were places at different attachment sites. They seem to indicate that 

the attachment site have the main effect in the IMU’s performance. 

 

Figure 37 – Stance and swing phase highlighted for waveform comparison. 

Despite the limited accuracy found in this first validation experiments, the sensor 

system and calibration as proposed in this project, showed comparable results with 

other similar studies in the literature (Table 7).  
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 RMSEKneeFE CCKneeFE 

Present Study 5.9° 0.96 

Fravre et al. 2009 [30] 4-8° 0.96 

Beravs et al. 2011 [32] 3-5° - 

Bergmann et al. 2009 [28] 4° 0.98 

 

Table 7 – Published results of other studies using IMUs. RMSE and CC for knee FE. 

Another important remark on the validation results is referring to the purpose of 

measuring joint angles in this project: these measurements will be used as inputs to 

the CLME mapping function for the real-time estimation of the control for active knee 

prostheses. This means that accurate and repeatable measurements are needed for 

a good estimation, especially during the prosthetic stance phase, where heel strike 

occurs and the prosthesis will be maximally loaded. 

Interestingly, with the CLME approach, the input to estimate the prosthetic stance 

phase is the healthy swing phase. Fortunately, the healthy swing phase is the one 

where less muscle activation and acceleration will occur thus, the measurements are 

more reliable, as can be seen in a standard gait cycle for subject 1 on Figure 38. 

 

Figure 38 – Overlap of prosthetic and healthy gait phase. 

In this first validation study, no separate error analysis for stance and swing phase 

was performed, since no trigger signal to separate them was available. Therefore, the 
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results presented on Table 4 to 6 were calculated for the whole measurement trial 

(30 seconds) and the consecutive gait cycles within it. 

 

5.2 Achievements and Contributions 
 
The main achievement of the present work was the complete design and construction 
of a real-time wearable sensor system. This sensor system integrates a set of 
solutions to fulfill the specific requirements of our application, i.e. electronic boards 
for interface with the xPC, serialized streaming of data and a robust fixation. All the 
requirements proposed on section 2.1 were fulfilled, except the accuracy of 5°. 
Nonetheless, we believe that this requirement can still be satisfied with further 
improvements to minimize the influence of sources of errors, i.e. by finding an optimal 
attachment site for the sensors on the thighs. 
 
We also proposed a simple calibration procedure where only two static postures are 
needed, which makes it more suitable for amputee patients than any other calibration 
procedure we found on the literature. This calibration procedure is as simple as the 
one used for the goniometer-gyroscope system. 
 
A first validation experiment using an optical tracking system as reference was 
performed. The results obtained with the proposed system are similar to those found 
in the literature. They could be used to identify sources of errors and potential 
improvements. 
 
 

    
 

Figure 39 – Previous and new sensor system side by side (left). 
Table presenting the fulfillment of the requirements (right). 
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Among the limitations of the current system is its dependence on the magnetometers 
during calibration (MIMU mode), since the magnetometers can be unreliable indoors, 
especially if there are ferromagnetic materials nearby. We also observed that the 
attachment site, especially for the sensors placed on the thighs, affects the overall 
performance of the system, where the RMSE varied significantly among different 
attachments. During our tests, we also faced instabilities in the sensor operation and 
their causes are yet unknown, but under investigation. 
 
Another limitation of the present work is that, due to time limitations, we have not 
analyzed ankle and trunk angles, and neither the rotations in other body planes such 
as abduction-adduction. 
 
 

5.3 Outlook 
 
From the results and discussion presented in the last sections it can be seen that the 
proposed sensor fulfills most requirements, except for the accuracy needed. To 
account for this problem, we propose to investigate the optimal attachment site for 
the sensors on the thighs, from an anatomical and practical point of view. Also, the 
sensors’ Kalman filter parameters should be changed, especially the accelerometers 
weight on the orientation calculation, in order to reduce inaccuracies during heel 
strike. 
 
In future validation experiments the ankle and trunk angles should also be analyzed 
to reveal more strengths and weaknesses. Furthermore, the 3D analysis of the joint 
angles should also be performed. 
 
From a practical point of view, we also recommend investigating the reasons for the 
unstable operation in some of the trials, e.g. a fixed delay was introduced at a certain 
point during one of the trials. Another practical consideration should be focused on 
the data extraction, particularly on the definition of the rotation order for obtaining the 
rotations around the body planes. 
 
Concerning the calibration, we observed that different calibrations seemed to 
introduce rather small variations for the same trial. We concluded that the calibration 
was not a key point for the accuracy. Nonetheless, it would be desirable to further 
investigate possible sources of errors in the calibration. 
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Appendix A 

Sensitivity Analysis 
 
Simulation Flowchart 
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Appendix B 

PCB Design 
 
 
Two electronic boards were designed to perform the interface between the wearable 
sensor units and the real-time computer (xPC). The first board is a static unit to be 
connected directly to the xPC and the second board is a wearable module to be 
carried by the subject. The main purpose of the electronic boards is to promote the 
signaling interface between the sensors and the host computer together with a 
galvanic isolation between the wearable electronics and the remaining circuits. 
 
The electronic boards were designed with the CAD software EAGLE Standard 
Edition 5.9.0 (CadSoft) and printed at PCB-POOL using double layer technology. 
Surface-mount devices (SMD) were used whenever possible to reduce board size 
and weight. 
 

B.1 Power Supply Circuits 
 
One important concern on wearable devices and especially those intended for 
medical purposes is the subject’s protection against electrical shock. A potentially 
harmful situation is when the wearable devices receive elevated voltages from its 
power source, which can result in electrical shock to the subject or patient using the 
device. 
 
When powering wearable devices which are connected to a main power source, such 
as in this application, one approach to protect the subject from malfunction on the 
power supply is to have a galvanic isolation between the wearable and the static 
circuit, meaning that no direct electrical path exist between the two parts. One way to 
isolate two electrical circuits is by using DC-DC converters, which transfer power 
from one circuit to the other via a magnetic coupling. 
 
 
On the present application a medically approved DC-DC converter REC5-
0505SRW/H4/A (RECOM Electronic GmbH) was used. This device receives a +5 
VDC input and produces an isolated output also at +5 VDC and can drive a total 
current of up to 1000 mA (5 Watt) while providing a 4kV isolation protection. The 
magnetic isolation is performed at an operating frequency of 120 kHz. A low-pass 
filter was used in the DC-DC converter output in order to reduce high frequency 
ripple. A LC filter (pi-configuration) with one inductor L = 220 uH, 0.3 Ω, and two 
capacitors C = 33 uF was used for obtaining a 2.64 kHz cut-off frequency. 
 
Further ripple rejection was performed with a low-drop output (LDO) voltage 
regulator, LM1085IT-ADJ. The isolated voltage (+5 VDC) was decreased to +3.4 
VDC in both, static and wearable boards, for powering the electronic components of 
the isolated circuits. 
 
Figure B1 and B2 show the electric circuits for the DC-DC converter and the voltage 
regulator, respectively. 
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Figure B1 – DC-DC converter and LC low-pass filter. 

 

 
Figure B2 – Voltage regulator with ripple rejection. 

 
 
 
 

B.2 LVDS Circuits 
 
The LVDS circuit is composed of a LVDS Serializer (SN65LV1023A) and a LVDS 
Deserializer (SN65LV1224B). The serializer inputs and deserializer outputs are on 
LV-TTL or LV-CMOS level, which are compatible with the IMUs’ UART. The 
serialized data between them is transferred on LVDS level. 
 

 
Figure B3 – Operation of the LVDS serializer. 

 
The SerDes internal circuits were configured to run in continuous and autonomous 
mode, with random lock and data transmission always enabled. Figure B4 presents 



 

55 

the SerDes schematics connection while Table B1 details the pin connections for the 
SerDes operation. 
 
In order to guarantee an even more stable power supply to the SerDes, shunt 
capacitors for high and low frequencies were placed close to the ICs pins for digital 
and analog power supply, as presented on figure B5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure B4 – SerDes operating circuit. 

 
 
 

Pin Function Operating State 

SYNC1, SYNC2 Send synchronization pattern Disabled 

Din LVTTL, LVCMOS inputs Connected to TxD 

Rout LVTTL, LVCMOS outputs Connected to RxD 

TCLK, REFCLK Operating clock 10 MHz 

T/R CLK_R/F’ Clock edge select Falling edge 

PWRDN’ Enable tri-state mode Disabled 

Do+, Do- Serializer output Connected to Ri+, Ri- 

DEN Enable LVDS output Enabled 

Ri+, Ri- Deserializer input Connected to Do+, Do- 

REN Enable LVDS intput Enabled 

RCLK Output clock No Connection 

LOCK’ Deserializer lock status LED indicator 

DVcc Digital power supply +3.5 VDC 

AVcc Analog power supply +3.5 VDC 

DGND, AGND Analog and digital ground GND-iso 
 

Table B1 – SerDes pin operating state. 
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Figure B5 – Shunt capacitors for SerDes power supply. 

 

B.3 Communication Interface 
 
Concerning the communication interface, on the xPC side a PCI card with 8-serial 
ports for RS-232 signaling was used (Quatech ESC-100-D9). Therefore, signaling 
level conversion is needed from RS-232 to LVTLL before LVDS serialization. For that 
purpose an isolated converter is used (ADM3251E) for each of the eight serial ports 
of the PCI-card. Each converter makes use of six 100 nF capacitors as illustrated 
figure B6. 

 
 

Figure B6 – Isotated RS-232 to LVTTL level converter. 
 
In addition, since the communication between the xPC and the sensors is bi-
directional (request and receive data), two pairs of serializer/deserialiser is needed. 
Figure B7 illustrates the communication path between the serial ‘port 0’ at xPC to and 
from one of the IMUs. 
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Figure B7 – Schematic view of communication 

 
Following the pathway represented on Figure B7, a command from port 0 at the xPC 
is converted from RS-232 to LVTTL, serialized at Ser2 and transmitted over a twisted 
pair cable on the LVDS2 link. At the wearable board the signal is deserialized at 
Des2 and forwarded to the sensor IMU-0. The sensor replies the data request which 
is then serialized at Ser and transmitted through the cable on the LVDS1 link. On the 
static board it is deserialized by Des1 and converted to RS-232 before going to the 
xPC. 
 
The cable connecting both boards is a shielded twisted pair cable (STP) containing 
four pairs of wires, 10 meters long. The cable also carries isolated power supply on 
the remaining two pairs of wires and is connected to the boards using a RJ-45 
connector. Figure B8 shows how the signals are arranged on the STP cable. 

 
 

B8 – Cable signaling layout. 

 

B.4 Static Board 
 
Figure B9 below present the first PCB layout for the static board. Corrections on the 
power supply tracks of the non-isolated side were necessary to correct the layout to 
the pins of the DC-DC converter. 
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Figure B9 – PCB layout for static board. 

 
On the top side is the RJ-45 connector for the data link with the wearable board while 
in the bottom is a DB-25 connector for connecting it to the xPC. The eight isolated 
serial converters are located in line on the lower mid-section of the board and the 
DC-DC converter is located at the top-right corner of the board. In total the static 
board has dimensions 175x115 mm. 
 
The static electronic board was placed into a white plastic enclosure with a power 
supply switch and two indication LEDs. The red LED indicates that the power supply 
is switched on and the green LED indicates that the SerDes pair LVDS1 is 
synchronized and ready to transmit data from the IMUs to the xPC. 
 
For practical reasons it is advised to connect all sensors and boards before switching 
on the power supply. This will guarantee safe operation of all electronic components 
and a quick synchronization of LVDS1 and LDS2. 
 

B.5 Wearable Board 
 
The wearable board has a much more compact layout (100x65 mm) since only LVDS 
Serialization/Deserialization and voltage regulation is necessary (Figure B10). 
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Figure B10 - PCB layout for wearable board. 
 

LEMO connectors are used on the cables that come the sensors to the wearable 
board. The connectors on the right and left of the board side serve the sensors 
attached to the legs and the upper connector serves the sensors in the upper body. 
Similarly to the static board, the RJ-45 connector serves the STP cable that connect 
both boards. The yellow LED indicates that the SerDes pair LVDS2 is synchronized 
and ready to transmit data from the xPC to the IMUs. 
 

B.6 Cabling Consideration 
 
Maximum cable length and data rate are closely related. In general, the maximum 
cable length decreases with the increase in data rate. For the RS-232 standard, no 
cable length is directly specified, but instead, the maximal cable capacitance of the 
cable: 2500pF. The cable capacitance causes the rise and fall times of the digital 
signal to increase, thus limiting the transmission data rate. The 2500 pF requirement 
means that for a data rate of 115.2 kbps, which is used on our application, less than 
a cable length of less than 2 meters is recommended for the RS-232 signals. 
 
In a hypothetical scenario, where only orientation quaternions are acquired from the 
IMUs, a transmission rate of at least 25.6 Kbps would be required for each sensor 
(16 bytes per sample, 200Hz sample rate) and the cable length could be increased. 
However, the wearable cables in our sensors system were shorter than 2 meters and 
a data rate of 115.2 kbps could still be used. 
 
The other cabling consideration in this project is concerning the LVDS signals. LVDS 
is high frequency signaling rate and, therefore, its performance can be affected by 
many different factors, i.e. signal pattern, SER/DES I/O, clock quality, cable and 
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connector attenuation, power supply ripple and external noise. Though all these 
factors are relevant, cable type and characteristics are typically the dominant factors. 
This is due to significant attenuation that high frequency signals suffer over long 
cables. 
 
The National Semiconductor’s SerDes used on this project can handle a cable loss 
between -3 dB and -6 dB at the Nyquist frequency of the serial data rate.. The 
frequency-dependent attenuation for a regular network cable (CAT5e) is given in 
Figure B11. [AN-1909, National Semiconductor 2009] 

 
Figure B11 – Attenuation in a CAT5e cable with LVDS signaling. 

Source: [AN-1909, National Semiconductor 2009] 

 
 
For the current application the required data rate for each sensor is about 25.6 Kbps 
for acquiring only quaternion angles at 200Hz. If an overhead of 2 bytes per sample 
is included, the minimum data rate would become 28.8 Kbps. When signals from 8 
sensors are serialized into one single stream, a minimum data rate of 230.4 Kbps (8x 
28.8 Kbps) is required. The SerDes devices used in this project surplus these data 
rate requirements using their minimum clock of 10 MHz: 120 Mbps using 
SN65LV1023A. 
 
Considering our scenario where the SN65LV1023A is used with 10 MHz clock, the 
data rate is 120 Mbps (10 bits from each LVTTL line plus 2 clock bits, times the clock 
rate). Thus the Nyquist frequency is 60 MHz and from the attenuation curve for the 
CAT5e cable presented in Figure B11, it can be seen that for 60 MHz the maximum 
attenuation is approximately -0.16 dB/m, which means that for a maximum 
attenuation of -3 dB the maximum cable length is 18.75 m. 
 
For our application a cable length of 10 m meters would suffice for the test activities 
that are usually performed on the lab, such as treadmill, level walking, stair ascent 
and descent. Thus the implemented solution also fulfills the cabling requirements for 
LVDS signaling. 
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Appendix C 

List of Materials 
 
 

Component Part Number Manufacturer  Amount  

8-port RS-232 board ESC-100-D9 Quatech 1 

RS-232 isolated ADM3251 Analog Devices 8 

LVDS Serializer SN65LV1023A Texas Instruments 2 

LVDS Deserializer SN65LV1224B Texas Instruments 2 

Isolated power supply REC5-0505SRW/H4/A Recom 1 

Clock generator LFSPXO024807BULK IQD Frequency 2 

DB-25  90° Female connector DTS 25 SYC M63  Delconec Deltron 1 

DB-25  Male Connector D-Sub connector Delconec Deltron 1 

DB-25  Connector case CTLM 25 UN4 Delconec Deltron 1 

RJ-45 SMD female connector 7498011002 Wuerth Elektronic 2 

DB-9  Female Connector D-Sub connector Delconec Deltron 8 

LDO Voltage Regulator LM1085IT-ADJ/NOPB National Semiconductor 2 

LEDs   Everlight Electronics 2 

Inductor 220 uH, 1.8A   Wuerth Elektronic 1 

Capacitor 33uF, 25V (1206)   Kemet 2 

Capacitor 150 uF, 25V (7343)   Kemet 5 

Capacitor 10 uF (1206)   Kemet 5 

Capacitor 100 pF (1206)   Kemet 10 

Capacitor 100 nF (1206)   Kemet 50 

Resistor 10R, 1% (0603)   Panasonic 2 

Resistor 120R, 1% (1206)   KOA 2 

Resistor 560R, 1% (1206)   KOA 2 

Resistor 330R, 1% (1206)   KOA 2 

Enclosure for MIMUs Minitec ES 52x32x15 mm OKW Enclosures 8 

Static Board Enclosure 188.5x133.5x39.5 mm Teko 1 

Wearable Board Enclosure Softcase M 62x105x19 mm OKW Enclosures 1 

Elastic braid with silicone 20 mm   30 

Velcro Hook, 20 mm   5 

Velcro Loop, 20 mm   5 
 

 
 


