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Abstract

Running Specific Prosthesis (RSP) allow amputee sprinters to compare to the best
able-bodied sprinters in the world. In RSP research, the current state of the art
mainly focusses on highly detailed analysis of discrete moments in the sprint, but
more data of the entire sprint process in terms of RSP characteristics and sprinting
technique are needed for further development of RSP-design and sprinting technique.
In recent research Petrone et al. [4] and Galvao et al. [2] developed instrumented
RSPs for collection of Ground Reaction Force (GRF)s suring sprinting, however both
methods have disadvantages for implementation of instrumented RSPs in amputee
sprinting training purposes. A different instrumented RSP approach was taken in
this research by measuring surface strain in Fiber Bragg Grating (FBG) sensors
attached to two RSPs; one Ottobock 1E90 and one Gyromotics ArcX Sport. From
the collected data the internal moments and axial forces could be approximated,
from which the GRF magnitude, direction and point of application were determined.
The sensor system was calibrated in a 1-DOF load-cell compression bench and was
conducted to a field test in which a participant performed load shifting, walking
and running trails on the instrumented Gyromotics RSP. The compression tests
showed that the measurement system complied to design requirements and that
it was possible to estimate the point of application of the GRF. The field test
indicated that loads applied in different directions than applied in the compression
bench could lead to measurement errors. Additional calibration, predominantly in
the x-direction, is therefore needed.
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1 INTRODUCTION

1 Introduction

Track sprinting is one of the spectacular sports disciplines in the Paralympics and
similar to the Olympic track sprinting events, the Paralympic events have their own
sports stars. Not only the athletic side of the sport is more professional than ever
but the same can be said for the equipment used in Paralympic disciplines.

In the case of a below-the-knee amputation (T62 and T64 classes) most track
sprinting athletes use a Running Specific Prosthesis (RSP). The world records in
these classes come very close to able-bodied sprinter times in the track sprinting
disciplines[3]; at the time of writing the most recent 100-meter world record 10.54
seconds by Johannes Floors - the best time of able bodied sprinters is 9.58 seconds
by Usain Bolt.

Although RSPs appear to be a simple design, the combination of human body-
prosthetic interaction, the Carbon Fibre Reinforced Polymer (CFRP) material prop-
erties and the non-intuitive dynamic behaviour of the shape of the RSP make for
complex design parameters. The development of innovative RSP designs is therefor
dependent on extensive data-collection and analysis.

An analysis was done of the state-of-the-art in RSP data collection and RSP
characterization. Four characterization methods were distinguished; Finite Element
Analysis (FEA) modelling, static or dynamic lab testing, Digital Image Correlation
methods, and force plate analyses.

Except for two studies found in literature every characterization method involved
either one specific static or dynamic load type or a detailed biomechanic analysis.
Although extensive analysis is possible with the methods, only one RSP orientation
or one discrete moment in the sprint can be analysed. These methods therefor lack
the flexibility of collecting in-field over entire sprints.

A different approach was taken by Petrone et al. [4] and by Galvao et al. [2].
Both methods involved an instrumented prosthesis that measures the strain at cer-
tain locations on the prosthesis’ material from which the GRF's are deducted. The
major advantage of this instrumented RSP method is that it allows for in-field mea-
surements throughout an entire sprint and comparing the different phases in the
sprint. These measurements could therefore yield important data for RSP develop-
ment or sprinting technique training.

Petrone et al. made use of strain gauge bridges mounted on three geometrically
defined positions. The measured strain is converted to an internal moment from
which the GRF's are determined. Next to a calibration in both x-direction and y-
direction a field test with athletes was conducted. This method uses a low amount of
sensors, but yields results that are comparable to force platform measurements and
are therefore very useful for the mentioned purposes of data collection. However,
minimizing the weight and bulk of the total sensor system including receivers could
be an issue as well as the (long term) fragility of the system as it is applied on the
material surface.

The method proposed by Galvao involves the use of Fiber Bragg Grating (FBG)
sensors. These sensors detect the strain in an optical fibre in which they are written.
The approach by Galvao makes use of 17 of these FBG sensors. The optical fibre
in which these sensors are written is then embedded in the CFRP laminate of the
RSP. This measurement system is calibrated by directly correlating the measured
strains in the FBGs to the applied force in a compression bench. For validation
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a participant also walked with the prosthesis, but no direct comparison with force-
plate data was conducted. The advantage of using an embedded FBG sensor system
as done by Galvao is that fragility is minimized. If mounted correctly, the connector
end where the optical fibre exits the prosthesis laminate, is the only fragile point of
the instrumented RSP. The downside of the approach taken by Galvao is that it is
expensive to manufacture due to the large number of sensors needed.

In order to create a mobile instrumented RSP that could be used in a similar
manner to a regular RSP but with the added possibility of measuring GRFs, a
combination of both approaches has to be taken. The robustness of embedded
FBGs and the physical interpretation of the strain which results in flexibility of
the approach by Petrone seem like a good starting point for a new iteration of an
instrumented RSP design.

The research goal of this thesis is therefore formulated as:

"Develop and validate a measurement system prototype using Fibre Op-
tical Sensors that is able to detect the Ground Reaction Force magnitude,
direction and point of application on a Running Specific Prosthesis when
being used."”

This research goal leads to the following research questions:

e What is the suitability of optical sensing in determining the ground reaction
forces in running specific prostheses?

— What are the measurement system specifications (sensitivity, accuracy,
precision) and how do these compare to the required measurement system
specifications?

— What are the advantages and disadvantages of the sensor system com-
pared to previously researched characterization methods?

2 Methodology

2.1 Sensor system design requirements

To evaluate the measurement system prototype two sets of design specifications were
formulated: a set of performance requirements and a set of physical requirements.
The performance requirements are formulated as:

e The system should be able to detect the horizontal and vertical force compo-
nents of the GRF.

e The system should be able to detect the point of application of the GRF.

e The sensor system should have a measurement error (variance and bias) of
lower than 5 % of the maximum GRF in x-direction and y-direction.

e The sampling rate of the system should be at least 1kH z as contact times of
0,2 s are expected [7] and to account for adequate data analysis possibilities.

e The application of the sensor system should not alter the mechanical charac-
teristics of the RSP.
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Figure 1: Reference frames as chosen in the research setup. The RSP reference frame (a) is chosen
such that the axial direction of the FBGs in bridges 1 and 2 (FBG 1, FBG 2, FBG 5 and FBG 6 in
figure |3) is aligned with the x-axis. The tibia reference frame is chosen such that the construction
line of the head of the fibula to the valve of the prosthesis socket is aligned with the y-axis of
the tibia reference frame. In (b) can be seen how angle «a, the alignment angle, determines the
orientation of the RSP with respect to the tibia. « is the angle between the straight proximal part
of the prosthesis and y-axis of the tibia reference frame yypiq-

And the physical requirements are formulated as:

e The weight of the measurement system added to the RSP should not exceed
0.100 kg.

e The sensor system should not impair the gait of the athlete.

e External device size of the sensor system should not exceed the following mea-
surements: 200 mm x 300 mm x 300 mm.

2.2 Reference frames and definitions

For this research, the calculations on the GRFs are viewed as a 2D, sagittal plane
problem. First a set of reference frames in this plane is introduced to allow for the
expression of the calculated GRF in both the global reference frame and the local
reference frame (in which the x-axis aligns with the neutral line through both sensor
pairs). These reference frames are shown in figure [La]

Not only the orientation of the tibia defines the RSP orientation with respect
to the global reference frame; also the mounting angle o has to be considered. The
definition of « can be found in figure [Ib, For the initial calculations, the FEA and
the compression tests, multiple alignment angles o will be considered.

The forces used as an input for the initial calculations (inverse calculation model
and FEA) were derived from research by Weyand et al. [6]. These forces in Weyands
study are normalised for bodyweight of a sprinter. An athlete of 70kg was considered
during this research. For running at 10 m/s, the vertical GRF peak is 3.24 times
body weight, and the horizontal GRF is -0.51 times body weight.
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GRF_

Figure 2: FEA schematic overview. The proximal end of the RSP, which would normally be fixed
to the stump, is fixed in the FEA model. The angle ¢ defined the orientation of the prosthesis
with respect to the global reference frame.

2.3 Initial calculations

Two different RSP models were considered for instrumentation: one Ottobock 1E90
RSP and a Gyromotics ArcX Sport blade. Prior to determining the sensor layout on
the prostheses an estimation of the strain distribution and strain magnitudes was
done. Using both an inverse calculation model in Matlab and a FEA (Autodesk
Fusion 360) strain estimations were made. For the inverse calculation model the
proximal end of the RSP was considered fixed. For the FEA the situation as shown
in figure [2] was used. The Matlab model for the inverse calculations can be found in

appendix [F]

2.4 Sensor layout and spectral design

It was chosen to calculate the GRF based on the the internal forces and moments
calculated from the strain at chosen locations on the top and bottom of the prosthesis
(see figure [15| for the Ottobock sensor layout, and figure 3| for the Gyromotics ArcX
Sport sensor layout).

The sensor layout was designed with two major criteria in mind: (1) maximal
decoupling of the forces in x- and y-direction and (2) highest strain magnitude while
conforming to (1). Using the maximum strain found by the inverse calculation model
and the FEA a sensor layout and accompanied spectral design for the FBGs was
designed.

The sensor locations were chosen such that angle between the the axial directions
of the FBG 1, 2, 5 and 6 (FBG 1, 2, 3 and 4 for the Ottobock 1E90 prototype) in
the xy-plane of the RSP-reference frame (see figure [3|) is minimized. The strains are
split in an axial strain component and a bending strain component on each sensor
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yglobal

FBG 4

Figure 3: Schematic drawing of the FBG placement on the prosthesis. Using the axial and bending
strain components measured in the FBGs, F, and F}, the GRF components at the point of appli-
cation in the RSP reference frame can be calculated. Also the location of the point of application,
{1 can be determined from the calculations.

bridge location. Using the RSP geometry at the bridge location location axial force
in every sensor bridge section is calculated, from which the GRF contributions in
the RSP reference frame are calculated:

(My — M)

Fy= W20 0
M,

L =— 2

=5 2)

Also the point of application of the GRF with respect to the sensor locations, [y,
can be approximated. Using the experimentally retrieved angle 5 (see section
the forces measured in the local reference frame could be expressed in the global
reference frame.

It was chosen to multiplex all FBGs in series so that a single channel Fiber
Optical Sensing (FOS) interrogator could be used to read out the FBGs. This
meant that the sensor spacing in the wavelength domain should have ample room
for the calculated strains found by the inverse model and the FEA.

In the spectral design there was accounted for the direction and magnitude of
both Fy, and F,. Throughout the contact phase of the step, sensors 1, 2 and 3
would mainly be subjected to a negative strain and sensors 4, 5, and 6 would mainly
be subjected positive strain. The spectral design was chosen such that all sensors
could be detected simultaneously while ensuring that the FBG wavelengths did not
interfere with each other. The chosen wavelengths for the sensors can be found in

figures [16] and [I7] in appendix [A]
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Figure 4: Instrumented RSPs: (a) shows the Ottobock 1E90 prototype, (b) shows the Gyromotics
ArcX Sport

2.4.1 Prototype production

Two RSPs were instrumented with FBGs: one Ottobock 1E90 prosthesis and one
Gyromotics ArcX Sport prosthesis. FBGS Femtosecond polyamide-coated FBG
sensors were glued to the prosthesis surface in the chosen locations. Dymax OP24-
REV-6 adhesive was used for the FBG ends of the fibres, and the more elastic
Norland Optical 61 adhesive was used for each FBG section of the fibre to minimize
stick-slip effects at the fibre-adhesive interface. For the first prototype, the Ottobock
1E90, the sensors were connected in series by means of FC-APC connectors. In the
second prototype, the Gyromotics ArcX Sport, the FBGs were spliced in series at the
appropriate length so that slack fibre was minimized. The sensors were connected
to a PhotonFirst Gator interrogator. Using PhotonFirst Gator Operating Software
(Version 3.0) the data was retrieved and processed.

2.5 Compression tests

Both prostheses were subjected to a static load compression test using a ZWICK-
/ROELL 250 kN tensile/compression bench for calibration. The compression bench
was equipped with strain sensors at the top clamp which allows for detecting forces
in y-direction of the global reference frame. By means of Correlated solutions
VIC 3D software, the angle S was approximated at each load. Also the calibration
settings for the FBG interrogator software were determined during these compres-
sion tests.

The proximal end of the RSP was fixed in the upper clamp such that both
translation and rotation were constraint in order to replicate the fixture of the RSP
to a socket. The distal end of the RSP was constraint in the y-direction by means
of a cart which only moves in the x-direction (see figure |5)).

Since the RSP is fixed in the compression bench several angles a have to be con-
sidered for calibration. These angles result in a different working line of the force
through the RSP which therefore alters the moment arm and thus the deformation
of the material. a was determined at 35°, 40° for the Ottobock 1E90, for the Gyro-
motics ArcX Sport o was determined at 27°, 32°, and 37°. These angles were based
on the recommended socket mounting angles provided by the manufacturers. The
GRF,,; used in the compression tests was set equal to the maximal force mentioned
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Figure 5: Experimental setup in the compression bench. The application of a vertical displacement
of the top clamp induces a deformation of the RSP shape. Due to the geometry and the directional
stiffness the height in the y-direction will change, but also the displacement of the distal end will
alter with x, + u,.Therefore not only a resultant force in x and y-direction in the distal end of the
RSP will appear but also a resultant moment in the clamped end of the RSP can be expected.

in section [2.2] which were also used in the inverse model and FEA computations.
Three separate tests are conducted:

e Steady increase of the force from 0 N to GRF},,, with a force plateau of 5
seconds at GRF,,,, after which the force is reduced to 0 N.

e A cyclic test in which test 1 is repeated 4 times on end.

e A step test where the froce is increased from 0 N to GRF,,,, with intervals
every 250 N and a plateau at GRF,,.., after which the reverse is done at
intervals of 250 N until O N is reached.

2.5.1 Calibration of the sensor system

In order to calibrate the sensor system an optimization procedure was used in MAT-
LAB (see appendix . The internal force and moment calculations in the compu-
tational model were parameterized. Using the least-square error function of the
measured GRF compared to the Zwick measurement, the optimization function
fmincon was used to yield the calibration parameters for the sensor system.

2.6 Field tests

The field tests took place on an artificial turf field at the Frank Jol B.V. company
situated at the Friendship Sports Center. Only the ArcX Sport blade was used for
these field tests. The experimental setup used in the field test is shown in figure [6]

Internal Measurement Unit (IMU) sensors (Shimmer 3) were attached to the
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Figure 6: Test setup of the field tests. The laptop (1) is connected to the FBG interrogator (2)
(PhotonFirst Gator). The instrumented Gyromotics ArcX Sport prosthesis (3) is connected to the
interrogator via a patch cable. The IMU (4) (Shimmer 3) is used to record the orientation of the
stump relative to the global reference frame.

socket with the IMU y-axis corresponding to .. These sensors described the
position and orientation of the socket and the RSP in terms of the global reference
frame. IMU data was recorded at 51,2 Hz. For the field test analysis the computed
angle about all all three axes of the blade-reference frame was used as an input
for the FBG data analysis. To compensate for gyroscopic drift the angles were
computed by combining the acceleromter data and gyroscope data. The FBG data

was recorded at 19,8 kHz. The Matlab model for analysis can be found in appendix
H
The participant, an unilateral, transtibial amputee athlete (length 1.70 m, weight

65 kg) was asked to perform 3 activities in 3 variants of which each variant was
repeated 3 times. Before every trail, the participant was asked to do a knee rise
with the RSP-mounted leg. This indicated a cue point for synchronisation of the
IMU data and FBG data. The walking and running took place on a 15-meter course
on the artificial turf field. The participant was asked to do:

e cyclic load shift between two legs

— low frequency
— medium frequency

— high frequency
e walking (approximately 1.5 m/s)

— short step length
— medium step length

— high step length
e running (approximately 4 m/s)

— short step length
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— medium step length

— high step length

Also a null-measurement was done before and directly after the activities de-
scribed above in order to find possible effects of sensor drift in the FBGs.

3 Results

3.1 Expected strains in system

The results for the inverse calculation model and the FEA can be found in tables [1I
and [2 These are the strains found in location 1 and 2 at the angle « for which the
maximum strains occurred. For the Ottobock 1E90 v = 35° gave the largest strain,
for the Gyromotics ArcX Sport a = 27° gave the largest strain. For reference the
FBG measured strains of the compression tests with the same angles a are included.

For both the FEA model and the inverse MATLAB model the calculated strain
at strain bridge 1 was lower than at strain bridge 2. The MATLAB model estimates
the strains to be lower at the sensor locations in both the Ottobock 1E90 model
(9,3% lower for location 1 and 15,5% lower for location 2) and the Gyromotics ArcX
Sport (8,5% lower for location 1 and 32,6% lower for location 2).

The FBG measured maximal strains for location 2 showed to be similar to the
predicted strains (3,22% higher than the FEA predicted strain of the Ottobock
1E90, 0,96% lower than the FEA predicted strain of the Gyromotics ArcX Sport).
On location 1 for the Ottobock 1E90 the FBG measured strain was 49,6% higher
than the FEA predicted strain, whereas the FBG measured strain for the Gyromotics
ArcX Sport on location 1 was 34,1% lower than the FEA predicted strain.

| pe | % of FEA strain || pe, | % of FEA strain
Matlab Model 3,474 -10% | 90,8 % 4,167 -10° | 84,5 %

FEA 3,828 -10° | 100,0 % 4,933 -10% | 100,0 %

FBG Measurement || 5,728 -10% | 149,6 % 5,092 -10® | 103,2 %

Table 1: Maximum surface strain values in the Ottobock 1E90 on sensor locations 1 and 2 -
calculated by FEA and an inverse MALTAB model, measured by the FBG sensors. Also shown
are the percentages of the inverse model and the measured strain compared to the FEA results.

H e ‘ % of FEA strain H €2 ‘ % of FEA strain
Matlab Model 3,063 -10% | 91,5 % 2,154 -10% | 67,4 %

FEA 3,387 -10° | 100,0 % 3,13 -10° | 100,0 %

FBG Measurement || 2,234 -10® | 65,9 % 3,100 -10% | 99,1 %

Table 2: Maximum surface strain values in the ArcX Sport on sensor locations 1 and 2 - calculated

by FEA and an inverse MALTAB model, measured by the FBG sensors. Also shown are the
percentages of the inverse model and the measured strain compared to the FEA results.

3.2 Variance in system

The static, non-loaded prosthesis tests results are reported in table 3] These results
can be interpreted as the variance inherent to the FBG sensing system with data

9
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resampled at 1,98 kHz. Additionally a polarization measurement was done for the
ArcX Sport prototype, which reflects the measurement error when perturbing the
patch lead of the FBGs. The maximum standard deviation for the unperturbed
signal was measured in sensor 4 at 02 = 1,129 pe, the maximum peak-to-peak value
when unperturbed was measured in sensor 3 at 7,681 pe.

When looking at the frequency domain of the signal (see appendix |C)) some low
frequency contributions are present that have larger magnitude than the higher fre-
quency contributions. This is not expected to have large effect on the measurement
since the overall variance is low compared to the system output when the sensors
are perturbed.

For the polarization, the biggest standard deviation was measured in sensor 4
at 02 = 7,716 ue, the maximum peak to peak value was measured in sensor 4 at
45,351 pe. Comparing the maximum peak-to-peak values to the maximum measured
strains in table [2, the maximal force measurement error due to variance in the FBG
measurement system would be + 3,716 N and the maximal measurement error due
to polarization would be 4+ 21,94 N.

The raw data for these unperturbed signals and the polarization signal can be
found in appendix [C]

Unperturbed Polarization
o2 |uel Peak-to-peak |ue| | o2 |pe] Peak-to-peak |pe|
Sensor 1 | 0,730 4,309 3,473 27,578
Sensor 2 | 0,934 6,209 1,849 18,198
Sensor 3 | 1,059 7.681 5,108 30,508
Sensor 4 | 1,129 6,781 7,716 45,351
Sensor 5 | 0,807 4,438 3,781 24,725
Sensor 6 | 0,475 3,569 2,225 14,697

Table 3: The unperturbed sensor variance and polarization data. Calculated was the standard
deviation (02) for both unperturbed signals and the polarization signal, as well as the peak to
peak value for both signals.

3.3 Static calibration through compression tests

The calibration curve of the instrumented RSPs was computed using the force mea-
surements in the compression bench (Zwick-Roell 250kN). The result of the calibra-
tion of the Gyromotics ArcX Sport can be found in figure [7] the calibration for the
Ottobock 1E90 is found in figure [24] in appendix [D]

From this data the point of application (I; in figure [3) was determined, for the
Gyromotics ArcX Sport this is plotted in ﬁgure (for Ottobock 1E90 see ﬁgure in
Appendix @ The observed difference in point of application relative to the initial
contact point at maximum displacement was 30 mm for both the Ottobock 1E90
and the Gyromotics ArcX Sport.

The raw data of the compression tests of both the Ottobock 1E90 and the Gy-
romotics ArcX Sport can be found in appendix [D]

The cyclic tests showed 10 N discrepancy after each cycle in the GRF in y-
direction, after which the force settled to 0 N after 4 seconds. The GRF in x-
direction showed a larger drift of 23 IV, which settled to 0 N after 27 seconds.
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3.3 Static calibration through compression tests

3 RESULTS
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Figure 7: Calibration of GRF for the Gyromotics ArcX Sport. The top graph shows the calibrated
GRF in y-direction and Zwick force as reference, the bottom graph shows the corresponding GRF
in x-direction. The calibration was performed using an optimization procedure in MATLAB (see
section
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Figure 8: Calculated GRF point of application (I; in figure . When the GRF is under load, the
point of application is approximated well and corresponds to the actual point of contact of the

prosthesis (within the range of 0.18 m and 0.13 m). After the load removal the distal end is not in

contact with the ground thus the point of application estimation grows to infinity. The change in
contact point of contact during compression is estimated at 0,03 m.
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3.4 Field tests

3 RESULTS
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Figure 9: Computed GRFy based on the FBG data during repeated compression test with the
instrumented Gyromotics ArcX Sport. The data is smoothed using a moving mean filter with
window of 500 samples. In the 20 compression tests the maximum observed deviation was found
to be 29,31 N while a standard deviation of o2 = 13.39 N was found. The variation of the Zwick
data had ¢2 = 2.39 N, and a maximum deviation of 9,43 N was found.

3.3.1 Repeatability

In order to find the accuracy of the sensor system on the Gyromotics ArcX Sport
several succeeding compression tests are compared in figure 9al 20 tests in total,
as b sets of 4 step tests were performed. The standard deviations of GRFy were
found at 02 = 13.39 N, the maximum deviation of the mean GRFy was found to be
29,31 N. The Zwick data variance over the compression tests was also computed. A
standard deviation of 02 = 2.39 N was found, and a maximum deviation of 9,43 N
was observed.

The measurement error of the FBG computed strains was determined by obtain-
ing the difference between the Zwick force and the GRFy computed through the
FBGs. A plot of the measurement error of the trails as shown in figure [9a] can be
found in figure [I0] The root mean squared error of the computed GRFy was 31,46
N over the 20 performed compression tests. The maximum error was found to be
91,3 N. The measured error over the trails was found to be non-normally distributed

(see appendix [D] figure [27)).

3.4 Field tests

In the field tests the strains were recorded over the trails as mentioned in section
2.6 The IMU data was used as input for the orientation RSP relative to the global
reference frame. From these strains the GRFs in x-direction and y-direction were
computed in a similar manner as in the calibration tests.

The measured GRF's of the first weight shift trail (regular frequency) are reported
in figure The peaks in the GRFy indicate the response of the FBGs to the
weight shifted over the leg wielding the RSP. The outliers in the data, around the
1.7 second mark, show an effect due to the calibration of the interrogation software,
compromising some samples in the data collection.

The measured GRF's for every fourth step of the walking trails are plotted in
figure . For every variant of the trail (regular step length, short step length and
long step length) the average over the three repetitions was taken.
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3.4 Field tests

3 RESULTS
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Figure 10: Measurement error of the FBG computed GRFy compared to the Zwick force
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Figure 11: The computed GRF in the first weight shift trail. Both the GRF in x-direction and the

GRF in y-directions are plotted. A clear cyclic pattern can be observed in the GRFy and GRFx
components.

13



3.4 Field tests 3 RESULTS

The short step length (plotted in red) shows a shorter contact time than the long
step length and the regular step length. The magnitude of the GRFy was measured
lower than the body weight of the participant.

Although the interrogator software calibration was adjusted for the walking
trails, a similar interference effect as with the weight shift trail was observed for
the first section of the walking trail.

For the higher velocity trails, the data was plotted in a similar way. The fourth
step of the single trails was plotted. Per step length variant, the average over the
individual trails was taken. These plots can be observed in figures

The field test allowed for the collection of the GRFs over a complete trail. In
figure[I4]the progression of one single high velocity trail is plotted. It can be observed
that the first step has a longer contact time, but the following steps show a similar
profile. From these step plots it can be observed that the contact time after the first
step increases slightly. The GRFx components have a larger variability The GRF
data of the other high velocity trails can be found in appendix [E]

14



3.4 Field tests 3 RESULTS
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Figure 12: The GRF profiles (GRFYy in the top graph, GRFx in the bottom graph) of the field test
at walking velocity. Every step was synchronized at the moment of touchdown of the RSP. The
thin lines represent every individual fourth step of the trail. The average over the steps per step
length (Regular Lgep, Short Lgiep, Long Lgiep) is plotted in the thicker lines.
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3 RESULTS
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Figure 13: The GRF profiles (GRFy in the top graph, GRFx in the bottom graph) in the running
trails. Every step was synchronized at the moment of touchdown of the RSP. The thin lines
represent every individual fourth step of the trail. The average over the steps per step length
(Regular Lgep, Short Lgse,, Long L) is plotted in the thicker lines.
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Figure 14: Measured GRF for the regular ls., running trial. The single steps are plotted such
that at t = 0 RSP has initial contact with the ground. The individual lines represent the steps of
the trail. In the GRFy profile all but the first step follow a similar inpulse pattern, with a similar
contact time. The GRFx is found less consistent as more variability is shown between individual
steps.

4 Discussion

The present study aimed to validate a FOS measurement system in an RSP that
could determine the GRF magnitude, direction and its point of application during
walking while conforming to the sensor design specifications of section[2.1] This data
could allow for validation of newly developed RSP designs or numerically supporting
sprinting techniques.

The application of the FBG sensors added no significant weight to the prosthesis.
Due to the small sectional area of the optical fibre of the FBGs and the small amounts
of adhesive needed to attach the sensors it is unlikely that the mechanical properties
of the RSP were altered. No gait impairment was reported by the participant of
this study during the field testing.

In terms of the sensing capabilities the FBGs showed a clear response to the per-
turbations exerted on the RSP. This was shown in the results of the field tests, where
the cyclic impulse from touchdown of the RSP can be observed clearly in the re-
sultant GRF measurements. No FBG interference occurred during the compression
testing or the field testing.

Measurements errors from external sources like temperature strain (approxi-
mately 10 pe/ C [5]), have a negligible effect on the FBG variance/bias since low
change in environmental temperature change is expected and the mechanical strain
components due to high forces are relatively large.

The variance in the sensor system could be lowered when averaging the signal,
at cost of lower Sampling frequency (f;). Taking into account the contact time of
the user of the RSP, a sufficient high f; is needed for good analysis throughout a
step, so care must be taken when averaging the data. The used equipment has that
headroom, and is therefore suitable for further analysis of the measurement system:.

The results of the tests in section B.2] and section [B.3 have shown that in the
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4 DISCUSSION

case of the GRFy component, the sensor system specifications comply to the sensor
design requirements stated in Adding up the maximal variance and precision
errors, the maximal measurement error is below the stated 5 % of the 3.24 times
bodyweight (for a person of 70kg).

Sampling frequency 1,928 kHz
Precision Variance 3,716 N
Polarization 21,94 N
Accuracy (max deviation observed) 91,6 N
Resolution 0,209 pe
Linearized Sensitivity 0,121 N/pe
Response time 0,08 s

Table 4: The calculated sensor system specifications are retrieved from the static tests and com-
pression bench tests at the given sampling frequency.

In the field test it was shown that the measured GRFy component was a factor
2 lower than expected for the running trails; for similar running speeds, a GRFy
was reported of more than 2 times body weight[6], [4]. Although the magnitude
difference is apparent, the profile of the response showed to be similar to previously
measured GRF profiles in y-direction. The magnitude difference can be explained
by the calibration method, which utilizes only a 1-DOF force measurement (in y-
direction), and lacks the capability of capturing forces in x-direction and moments
appearing in the fixture of the RSP.

The main limitation of the adopted approach is that the estimation of the GRF
in x-direction is likely flawed. The variability in the GRFx component in the field
tests showed to be of a large magnitude, and showed no repeated behaviour like
the y-component of the GRF. No such variability in the GRFx component has been
shown in literature[I], 4, [§], so further analysis of the horizontal force collection by
the instrumented RSP is needed.

The variability measured in the field tests can be partially explained by the
variance in steps of the participant. Also the lack of a calibration in the x-direction
could explain the variance of the GRFx component. Additional measurements with
force plates needs to be performed to further validate the findings, and a calibration
method in which the force in x-direction can be determined is needed.

For this prototype the sensors were attached to the RSP surface. In order for the
sensor system to work in a sprint training environment, it is recommended to embed
the optical fibre that the FBGs are written in into the CFRP laminate. This would
reduce the fragility of the system while not impairing the measurement capabilities
of the system as seen in the research by Galvao et al. [2]. Additionally an ambulant
interrogation system needs to be utilized so that the athlete is not constraint in its
movement.
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5 CONCLUSIONS

5 Conclusions

e The proposed sensor system complies to the set of practical requirements
stated in section 2.1]

e For the y-component of the GRF, the proposed sensing method complies with
the set requirements in section [2.1]

e The magnitude of the GRFy component in the field tests showed to be a factor
2 lower than expected when compared to findings in literature [0, 4], while the
calibrated force in the compression testing didn’t show such discrepancies.

e The x-component of the GRF showed to have a high variability in the field
tests, and therefore additional research needed in this aspect.

e The point of application of the GRF could be determined for both prostheses.

e The spectral design for both the Ottobock 1E90 and the Gyromotics ArcX
Sportblade showed to work well in the chosen applications, as no sensor inter-
ference occurred during the compression testing and the field testing.

e Additional work needs to be done in calibration of the FBG measurement
system using a calibration bench with more than 1 DOF in order to measure
the moments and forces in x-direction of the RSP.
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A APPENDIX A - SPECTRAL DESIGN, SENSOR LAYOUT

A Appendix A - Spectral design, sensor layout

Figure 15: Sensor Locations on the Gyromotics ArcX Sport. The sensors are placed on the top
and bottom of the locations 1, 2, and 3 creating a so-called sensor bridge.
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Figure 17: Sensor layout instrumented Gyromotics ArcX Sport
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B APPENDIX B - FEA RESULTS

B Appendix B - FEA results
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Figure 18: FEA results Ottobock 1E90
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Figure 19: FEA results Gyromotics ArcX Sport
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C APPENDIX C - RAW POLARIZATION DATA

C Appendix C - Raw Polarization data
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Figure 20: Raw unperturbed FBG data (Gyromotics ArcX Sport).
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Figure 21: Raw Polarization FBG data (Gyromotics ArcX Sport).
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FFT of unperturbed system signals
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Figure 22: FFT of raw, unperturbed FBG data (Gyromotics ArcX Sport). It can be observed
that in sensor 1, sensor 3 and sensor 4 there is some higher magnitude low-frequency contribution
present in the signals. The other signals resemble a white noise signal.
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D APPENDIX D - RAW COMPRESSION TEST DATA

D Appendix D - Raw compression test data
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Figure 23: Raw strain data as measured during the compression testing in the Ottobock 1E90.
Sensor numbers corresponding to the strains can be found in the Method section.
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Figure 24: Calibrated y-force curve of the Ottobock 1E90. Zwick force is the measured force in
the compression bench, GRFy is the computed force in y-direction calculated from the measured
strains in the RSP. The calibration for the 1E90 was done by scaling the maximum calculated
force with the measured force in the Zwick (scaling factor C = 0.8600).
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Figure 25: GRF Point of application in the Ottobock 1E90 compression test.
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Figure 26: Raw strain data as measured during the compression testing in the ArcX Sport. Sensor
numbers corresponding to the strains can be found in the Method section.
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Figure 27: Normal probability plot for the measured error (difference in Zwick force and GRFy
computed through FBG sensors) in several compression tests. These plots indicate that the used
calibration method
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E APPENDIX E - RAW FIELD TEST DATA

E Appendix E - Raw field test data
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Figure 28: Jogging short [ - trail 1. Individual lines represent the steps of the entire trail.
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Figure 29: Jogging short [ - trail 2. Individual lines represent the steps of the entire trail.
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E.3 Jogging trails - long lgep E APPENDIX E - RAW FIELD TEST DATA
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Figure 30: Jogging short [ - trail 3. Individual lines represent the steps of the entire trail.
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Figure 31: Jogging regular ls., - trail 1. Individual lines represent the steps of the entire trail.
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E.3 Jogging trails - long lgep

E APPENDIX E - RAW FIELD TEST DATA
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Figure 32: Jogging regular [, - trail 2. Individual lines represent the steps of the entire trail.
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E.3 Jogging trails - long lgep

E APPENDIX E - RAW FIELD TEST DATA

Measured Ground Reaction Force Y-Direction, per step
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Figure 34: Jogging long [, - trail 1.
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Figure 35: Jogging long ls.p - trail 2. Individual lines represent the steps of the entire trail.
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E.3 Jogging trails - long lgep E APPENDIX E - RAW FIELD TEST DATA

Measured Ground Reaction Force Y-Direction, per step
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Figure 36: Jogging long [, - trail 3. Individual lines represent the steps of the entire trail.
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F APPENDIX F - INVERSE CALCULATION MODEL

F Appendix F - Inverse calculation model

clear all
close all

clc

%% Constants
yA

0

numsens = 2;

% material properties
E = 140e+9;
LCS = 1.725e+9; T

% %h ArcX sport
% b = 0.059;
%» h = [0.0095 0.0123];
perpendicular to arm
% y = [0.00945 0.0123]1%*0.
h 1k = 0.17;
FBG locations

% O0ttobock 1E90

b = 0.070;
» h = [0.00945 0.0065];
perpendicular to arm

h y = [0.00945 0.0065]*0.
midline

h = [0.0065 0.00945];
perpendicular to arm

y = [0.0065 0.00945]%0.5;
midline

lk = 0.155;
FBG locations

11 = 0.1;
contact point

A = h.xb;

I = bxh."3/12;

%» AS4/3501-6 Carbon/Epoxy laminate

compressive strength cfrp

34

% width prosthesis
% height prosthesis

% Distance from midline
% distance between

% width prosthesis

% height prosthesis

% Distance from

% height prosthesis

% Distance from

% distance between

% Estimated dist to

% section area
% Inertia




F APPENDIX F - INVERSE CALCULATION MODEL

Dot
fs

GRF
GRF

t =

GRFy
GRFx

Toth

bet
bet
bet
GRF

F =

for

end

Tto

Fa
Fb

M1
M2

Tolo

GRF signal generation

= 1000;

2500;
500;

y_max
X_max

linspace(0,1-1/fs,fs);

GRFy_max*sin(t*pi);
-GRFx_max*sin (t*2*pi);

Rotate to local reference frame

a
a
a

linspace(5,20,(fs)/2);
[beta flip(beta)l;
deg2rad (beta) ;

= [GRFx; GRFyl;

zeros (2,fs);

i = 1:length(GRF(1,:))
angle = beta(i);

Rlg = [ cos(angle) sin(angle);
-sin(angle) cos(angle)l];

F(:,1) = RIg\GRF(:,i);

= -F(1,:);
= _F(2::);

= Fb.x11;
= Fb*x1lk+M1,;

Determining strains

sigma_a = zeros(fs,numsens);

S_a

zeros (fs ,numsens) ;
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F APPENDIX F - INVERSE CALCULATION MODEL

for i = 1:numsens
sigma_a(:,i) = Fa./A(i);
s_a(:,1) = sigma_a(:,1i)./LCS;
end
s_b(:,1) = -Mlxy(1)/(I(1)*E);
s_b(:,2) = -M2xy(2)/(I(2)*E);
s(:,1) = s_b(:,1) + s_a(:,1);
s(:,4) = -s(:,1);
s(:,2) = s_b(:,2) + s_a(:,2);
s(:,3) = -s(:,2);

%% Plotting

figure ()

plot (t,GRFy); hold on

plot (t, GRFx)

grid on

xlabel('time ")

ylabel ('Force [N]')

legend ('GRFy ', 'GRFx ')

title ('Ground Reaction Force over time')

figure ()

plot(t,s);

grid on

xlabel('time ")

ylabel ('strain [-]1"')
legend('sl','s2"','s3"',"'s4")
title('strain over time')

figure ()

plot(t,s_a)

grid on

xlabel ('time')

ylabel ('strain, axial portion [-]')
legend('bridge 1','bridge 2')
title('axial strain over time')

figure ()

plot(t,s_b)
grid on
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F APPENDIX F - INVERSE CALCULATION MODEL

xlabel ('time')

ylabel ('strain, bending portion [-]")
legend('bridge 1','bridge 2')
title('bending strain over time')
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G APPENDIX G

G Appendix G

clear all
close all
clc

N

Y U =~ W

—
©

%% Constants

b

~

9 |numsens = 2;

11 |% material properties
12 |E 140e+9; %» AS4/3501-6 Carbon/Epoxy laminate
I3 |LCS 1.725e+9; % compressive strength cfrp

15 |%h % ArcX sport

161% b = 0.059; %» width prosthesis

171% h = [0.0095 0.0123]; %» height prosthesis
perpendicular to arm

181% y = [0.00945 0.0123]%0.5; %» Distance from midline

19 1% 1k = 0.17; % distance between
FBG locations

20

21 |% Ottobock 1E90

22 /b = 0.070; % width prosthesis

23 1% h = [0.00945 0.0065]; %» height prosthesis
perpendicular to arm

24 1% y = [0.00945 0.0065]%0.5; % Distance from
midline

25

20 /h = [0.0065 0.00945]; % height prosthesis
perpendicular to arm

27 1y = [0.0065 0.00945]%0.5; % Distance from
midline

28

29

30 11k = 0.155; % distance between
FBG locations

31

32111 = 0.1; % Estimated dist to
contact point

33

34 1A = h.*Db; % section area

35 |I = bxh."~3/12; % Inertia

b

—~
O
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G APPENDIX G

%% GRF signal generation

fs = 1000;
GRFy_max = 2500;
GRFx_max = 500;

t = linspace(0,1-1/fs,fs);

GRFy
GRFx

GRFy_max*sin(t*pi);
-GRFx_max*sin (t*2*pi);

%% Rotate to local reference frame

beta = linspace(5,20,(fs)/2);
beta = [beta flip(beta)l;
beta = deg2rad(beta);

GRF = [GRFx; GRFy];

F = zeros(2,fs);

for i = 1:length(GRF(1,:))
angle = beta(i);

Rlg = [ cos(angle) sin(angle);
-sin(angle) cos(angle)l];

F(:,1) = RIg\GRF(:,i);

end
YA
Fa= _F(ly:);
Fb = -F(2,:);

M1 = Fb.x*x11;
M2 = Fb*x1lk+M1;
%% Determining strains

sigma_a = zeros(fs,numsens);
s_a zeros (fs ,numsens) ;
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G APPENDIX G

for i = 1:numsens
sigma_a(:,i) = Fa./A(i);
s_a(:,1) = sigma_a(:,1i)./LCS;
end
s_b(:,1) = -Mlxy(1)/(I(1)*E);
s_b(:,2) = -M2xy(2)/(I(2)*E);
s(:,1) = s_b(:,1) + s_a(:,1);
s(:,4) = -s(:,1);
s(:,2) = s_b(:,2) + s_a(:,2);
s(:,3) = -s(:,2);

%% Plotting

figure ()

plot (t,GRFy); hold on

plot (t, GRFx)

grid on

xlabel('time ")

ylabel ('Force [N]')

legend ('GRFy ', 'GRFx ')

title ('Ground Reaction Force over time')

figure ()

plot(t,s);

grid on

xlabel('time ")

ylabel ('strain [-]1"')
legend('sl','s2"','s3"',"'s4")
title('strain over time')

figure ()

plot(t,s_a)

grid on

xlabel ('time')

ylabel ('strain, axial portion [-]')
legend('bridge 1','bridge 2')
title('axial strain over time')

figure ()

plot(t,s_b)
grid on
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G APPENDIX G

xlabel ('time')

ylabel ('strain, bending portion [-]")
legend('bridge 1','bridge 2')
title('bending strain over time')
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H APPENDIX G

H Appendix G

clear all
close all
clc

N

Y U =~ W

—
©

%% Constants

b

~

9 |numsens = 2;

11 |% material properties
12 |E 140e+9; %» AS4/3501-6 Carbon/Epoxy laminate
I3 |LCS 1.725e+9; % compressive strength cfrp

15 |%h % ArcX sport

161% b = 0.059; %» width prosthesis

171% h = [0.0095 0.0123]; %» height prosthesis
perpendicular to arm

181% y = [0.00945 0.0123]%0.5; %» Distance from midline

19 1% 1k = 0.17; % distance between
FBG locations

20

21 |% Ottobock 1E90

22 /b = 0.070; % width prosthesis

23 1% h = [0.00945 0.0065]; %» height prosthesis
perpendicular to arm

24 1% y = [0.00945 0.0065]%0.5; % Distance from
midline

25

20 /h = [0.0065 0.00945]; % height prosthesis
perpendicular to arm

27 1y = [0.0065 0.00945]%0.5; % Distance from
midline

28

29

30 11k = 0.155; % distance between
FBG locations

31

32111 = 0.1; % Estimated dist to
contact point

33

34 1A = h.*Db; % section area

35 |I = bxh."~3/12; % Inertia

b

—~
O
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H APPENDIX G

%% GRF signal generation

fs = 1000;
GRFy_max = 2500;
GRFx_max = 500;

t = linspace(0,1-1/fs,fs);

GRFy
GRFx

GRFy_max*sin(t*pi);
-GRFx_max*sin (t*2*pi);

%% Rotate to local reference frame

beta = linspace(5,20,(fs)/2);
beta = [beta flip(beta)l;
beta = deg2rad(beta);

GRF = [GRFx; GRFy];

F = zeros(2,fs);

for i = 1:length(GRF(1,:))
angle = beta(i);

Rlg = [ cos(angle) sin(angle);
-sin(angle) cos(angle)l];

F(:,1) = RIg\GRF(:,i);

end
YA
Fa= _F(ly:);
Fb = -F(2,:);

M1 = Fb.x*x11;
M2 = Fb*x1lk+M1;
%% Determining strains

sigma_a = zeros(fs,numsens);
s_a zeros (fs ,numsens) ;
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H APPENDIX G

for i = 1:numsens
sigma_a(:,i) = Fa./A(i);
s_a(:,1) = sigma_a(:,1i)./LCS;
end
s_b(:,1) = -Mlxy(1)/(I(1)*E);
s_b(:,2) = -M2xy(2)/(I(2)*E);
s(:,1) = s_b(:,1) + s_a(:,1);
s(:,4) = -s(:,1);
s(:,2) = s_b(:,2) + s_a(:,2);
s(:,3) = -s(:,2);

%% Plotting

figure ()

plot (t,GRFy); hold on

plot (t, GRFx)

grid on

xlabel('time ")

ylabel ('Force [N]')

legend ('GRFy ', 'GRFx ')

title ('Ground Reaction Force over time')

figure ()

plot(t,s);

grid on

xlabel('time ")

ylabel ('strain [-]1"')
legend('sl','s2"','s3"',"'s4")
title('strain over time')

figure ()

plot(t,s_a)

grid on

xlabel ('time')

ylabel ('strain, axial portion [-]')
legend('bridge 1','bridge 2')
title('axial strain over time')

figure ()

plot(t,s_b)
grid on
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H APPENDIX G

xlabel ('time')

ylabel ('strain, bending portion [-]")
legend('bridge 1','bridge 2')
title('bending strain over time')
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