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ABSTRACT

Data collection is frequently carried out in research, as well as in industry for purposes
ranging from quality control to assessing system limits. However, several complications may
arise to hinder optimal data collection and analysis, including synchronization of different data
types from a variety of sensors. A benchtop model was designed with the primary goal of
understanding human-spacesuit interactions through the collection and analysis of force,
pressure, and internal kinematics data. This thesis addresses shortcomings in the setup that led to
difficulty in data analysis and synchronization and presents a revised framework for collecting
these data. A system was designed such that the start of each trial of data collection can be
synced across the three types of sensors: a load cell, a pressure mat, and inertial measurement
units.
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1. Introduction

1.1 Background and Previous Work

Data are numerical outputs that have been and continue to be used for the quantification
of systems. Measuring data is important in both a research setting and in industry. In industry,
measurements may be taken to validate a model, verify system requirements, or assess system
limits. Measurement of fatigue cycles on cracks, for example, may be used for quality control of
artificial heart valves in medical device manufacturing [1]. The measurements taken for the
project described by this thesis are used to validate a computational model. However, measuring
data sometimes proves to be a challenge due to geometry constraints, sensor availability, and a
variety of other obstacles. For instance, choosing an instrument with the improper dynamic range
for a particular experiment will cause saturation for signal amplitudes that are too high or will
cause the signal to get lost in the noise if the amplitude is too low [2]. Once useful data are
collected, they must be analyzed to extract useful parameters in order to convey meaningful
results. Synchronization of different types of data may also be necessary to characterize a system
because it allows for the examination of one or more data sets in the context of others.
Synchronization across different sensors calls for forethought in data collection methods,

including choice of sample rate and sensor selection.

Over the last few decades, the Man Vehicle Laboratory has worked to optimize human-
vehicle system effectiveness and safety. This thesis focuses on the work of one group in the lab,
which is currently examining human-spacesuit interactions, specifically in the upper and lower
leg. Knowledge of human-spacesuit interaction can inform on possible injury mechanisms to the
human, and which locations on the body are most susceptible to injury from the interaction. This
research is being conducted with the ultimate goal of creating a computational model of a human
musculoskeletal system that accurately predicts these interactions. No such model currently
exists, so all spacesuit manufacturing to date have been endeavors of trial and error. The
computational model would create a way to simulate interactions, and thus test the spacesuit
before manufacturing it. This saves resources, not limited to time and money, from failed or non-

optimal spacesuit models.



Four types of data are considered for the preliminary characterization of interactions of
the leg and spacesuit: pressure, force, internal kinematics, and external kinematics. Pressure data
serve to quantify the actual interactions between the human and the spacesuit, while the force
and kinematics data provide context for the interactions. These data sets inform a basic, but
meaningful musculoskeletal system in which muscle-joint interactions can be determined from
force and internal kinematics, and human-spacesuit interactions can be visualized by pressure
profiles. Force data, internal kinematics data, and pressure data were collected in the former
benchtop model using the setup described in Section 1.1.1. Only three data sets were collected
with the former model, but moving forward the model will be revised to include the collection of

external kinematic data.

1.1.1 Hardware used in Former Benchtop Model

The testing apparatus used in initial testing consisted of a model leg made of an 80/20
aluminum skeleton with a PVC pipe housing, shown in Figure la. A 4-inch diameter PVC pipe
was used for the upper leg and a 3-inch diameter PVC pipe was used for the lower leg. The
model leg was placed in a spacesuit, and then the spacesuit was pressurized to 1 psig. Force,
pressure, and internal kinematics data were collected as the leg was flexed and then extended

within the pressurized spacesuit.

Internal actuation of the leg was ruled out due to the associated difficulty of powering and
wiring a motor within the pressurized spacesuit; instead the leg was actuated externally via a
string attached to an Ametek® Chatillon™ DFE Digital Force Gauge, which was pulled at the
ankle to flex or extend the leg. The force gauge served the purpose of force data collection, and
pulling on the force gauge provided the actuation necessary to move the leg. Force data were
collected by video capture of the force gauge, which has a display update rate of 10 Hz. This
footage was imported into Logger Pro® and examined at the default frame rate of 29.98 frames
per second. Force values in pound-force were recorded manually from the observed force gauge

footage on Logger Pro® and plotted on Excel, with unreadable values omitted.



APDM Opal inertial measurement units (IMUs) were used to collect data of the internal
kinematics of the leg at a sampling rate of 128 Hz. They were mounted onto the skeleton by 3D

printed rings seen in Figure 1a, which in turn were attached to the skeleton by angle brackets.

Vet ey
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Figure 1a. Model leg. The skeleton of the leg is composed of 80/20 aluminum stock. A
hinge joint acts as a knee and limits the degrees of freedom available to the leg to one.
The black rings shown on the skeleton serve to hold IMUs, which are used to collect data
about internal kinematics of the leg. The PVC pipes displayed on the right act as the
housing and provide the surface where pressure interactions between the suit and the leg

occur.

A novel pliance®-x pressure sensor mat, composed of a 16 x 16 matrix of pressure sensors,
was placed on the surface of the PVC pipes to collect data on pressure distribution at four
regions of the leg, referred to as zones. This data was collected at a rate of 50 Hz using the
pliance®-x system. Three trials were conducted for each zone, where one trial consists of flexing

the leg and then extending it. The four zones are defined below, and their geometries are

displayed in Figures 1b and 1c.

Zone A —back of the upper leg
Zone B —front of the upper leg
Zone C —front of the lower leg
Zone D —back of the lower leg



Figure 1b. Pressure mat geometry for the front of the leg. The numbers in red refer to the
sensor number of 16 x 16 sensor pressure mat. Sensors 1-16 are located closest to the
knee and subsequent rows of sensors are located further away, ending with sensors 240-
256. These sensor numbers inform on the location of pressures on pressure maps, like
those of peak pressure presented in Figure 2d. Zone B is the region on the front of the
upper leg and Zone C is the region on the front of the lower leg.

Figure 1c. Pressure mat geometry for the back of the leg. The numbers in red refer to the
sensor number of 16 x 16 sensor pressure mat. Sensors 1-16 are located closest to the
knee and subsequent rows of sensors are located further away, ending with sensors 240-
256. These sensor numbers inform on the location of pressures on pressure maps, like
those of peak pressure presented in Figure 2e. Zone A is the region on the back of the
upper leg and Zone D is the region on the back of the lower leg.

1.1.2 Challenges

Shortcomings in the aforementioned test setup led to difficulty in attaining force data and in
synchronizing data from the three types of sensors. Force data was recorded manually using
Logger Pro software to look at videos.taken of the force gauge at the default 29.98 fps, which
proved to be a tedious process. These force values were later used to create plots of force vs.

time and force vs. normalized time, which give some insight into the actuation of the leg. Torque
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data calculated from force values give a better understanding of actuation though characterizing
torque vs. internal joint angle profiles, when paired with internal kinematics data from the IMUs.
However, the IMU data has been difficult to analyze so that extracting these joint angles from

the data is an ongoing process.

Synchronization also proved to be a problem because there was no reliable method in place
for visualizing the beginning of each trial, as the IMUs would start collecting and storing data as
soon as they are undocked. In addition, data taken with the IMUs and pressure mat were taken at

different sampling rates, 128 Hz and 50 Hz, respectively.

1.2 Thesis Overview

This thesis focuses on overcoming the challenges described in Section 1.1.2 by designing a
revised framework for collecting data. The remainder of this thesis details the approach to

constructing the sensor synchronization plan.

Chapter 2 provides results from the former framework used to collect data. It informs the
various design choices of the revised benchtop testing system described in Chapter 3. Chapter 4
gives the results of some tests that were performed to evaluate the functionality of the system.
Chapter 5 wraps up with a discussion of the results and suggestions for future work and areas for

improvement.
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2. Results from Former Benchtop Model

Force data were collected by video capture of an Ametek® Chatillon™ DFE Digital
Force Gauge, which has a display update rate of 10 Hz. This footage was imported into Logger
Pro® and examined at the default frame rate of 29.98 frames per second. Force values in pound-
force were recorded manually from the observed force gauge footage on Logger Pro® and
plotted on Excel, with unreadable values omitted. Force data for Zone B and Zone D trials,
presented in Figure 2a and Figure 2b, respectively, show that the force profiles are similar for the
two zones. Additionally, there is consistency across each flexion trial of these zones, as well as

across each extension trial, as expected.
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Figure 2a. Tensile force vs. normalized time for Zone B trials. The plots on the left are
the force profiles for flexion of the leg for a) trial 1 b) trial 2 and c) trial 3. The plots on
the right are the force profiles for extension of the leg for d) trial 1 e) trial 2 and f) trial 3.
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Figure 2b. Tensile force vs. normalized time for Zone D trials. The plots on the left are
the force profiles for flexion of the leg for a) trial 1 b) trial 2 and c) trial 3. The plots on
the right are the force profiles for extension of the leg for d) trial 1 e) trial 2 and f) trial 3.

Force data for Zone C are displayed in Figure 2c. They present a similar profile with
regard to shape to those of Zones B and D in Figures 2a and 2b, but with a different range of
values, as evidenced by the bounds of the y-axes. This may be because the 4-inch diameter PVC

pipe, representing the upper leg, moved out of place when running trials for this zone.
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Tensile Force (1bf)

issues while running the trials for this zone, as the procedure was not yet finalized. Torque data
in pound-feet were calculated from the force values for each trial of Zones B, C, and D given a
distance from the axis of rotation of 9.5 inches using the torque formula t = r Fsinf. Torque data

is necessary to examine torque as a function of internal joint angle of the leg. The extraction of
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Figure 2c. Tensile force vs. normalized time for Zone C trials. The plots on the left are
the force profiles for flexion of the leg for a) trial 1 b) trial 2 and ¢) trial 3. The plots on
the right are the force profiles for extension of the leg for d) trial 1 e) trial 2 and f) trial 3.

Force data for Zone A trials are not presented in this work because there were several

joint angles from the IMU data is, however, still in progress.

the mat are shown in Figure 2d and Figure 2e, where Figure 2d shows the peak pressure profile
for the front of the leg, given the geometry localization of Figure 1b, and Figure 2e shows the

Pressure profiles from the sensor mat were analyzed. Peak pressures at each location of
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peak pressure profile for the back of the leg, given the geometry localization of Figure 1c. These
peak pressure data are significant because they determine safety of a human being; if the
pressures are too high, they may cause injury. The pressure profile of Zone D over the three trials
provided insight into the location of interaction pressures. During flexion of the leg, the
interaction pressures occurred near the knee in each of the three trials. Interaction pressures were

found in this same location during extension in Trials 2 and 3.

Pressure (kPa)

Figure 2d. Peak pressures of the front of the leg. a) Zone B profile b) Zone C profile.
The geometry of the pressure mat on the front of the leg is shown in Figure 1b. Sensors
1-16 are located closest to the knee and subsequent rows of sensors are located further
away, ending with sensors 240-256. Note the different axes bounds for the two graphs.
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Figure 2e. Peak pressures of the back of the leg. a) Zone A profile b) Zone D profile.
The geometry of the pressure mat on the front of the leg is shown in Figure 1c. Sensors 1-
16 are located closest to the knee and subsequent rows of sensors are located further
away, ending with sensors 240-256. Note the different axes bounds for the two graphs.
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3. Design of Benchtop System

The benchtop system for future data collection was designed with the challenges
expressed in Section 1.1.2 in mind, particularly those related to force data collection and

synchronization, as well as the results obtained from the former model described in Chapter 1.

3.1 Force Setup
3.1.1 Load Cell Selection

The first design decision for the force setup of the benchtop system was to computerize
the collection of data to a greater extent than that of the former system, described in Section
1.1.1. A load cell was selected as the type of sensor to replace the Ametek® Chatillon™ DFE
Digital Force Gauge. Various factors were considered when selecting the specific load cell. The
videos of the previous force data collection showed that there was a high probability of some off-
center loading during experimentation. This excluded S-Beam load cells, which are sensitive to
extraneous load, torque, and moments. Additionally off-center loading has been determined to
reduce the service life of S-Beam load cells [3]. The two types of load cells considered after this
point, considering the need for measuring tension and the likely dynamic range of 0 Ibf to 15 Ibf,
were low profile load cells and single point load cells. Research into several different brands of
load cells led to the selection of two brands within budget whose performance specifications

were exceptional: Omega and Futek.

A low profile cell from Omega, the LC201 Subminiature Load Cell, and a single point
cell from Futek, the LSM300 Load Cell, were selected as the final two candidates for the force
setup. The Omega LC201 subminiature load cell was considered due to its use in a different part
of the research and, therefore, its availability and financial advantage. Ultimately, the Futek
LSM300 load cell was selected because of its greater robustness, excellent performance

specifications, and ease of mounting, as seen in Table 3.



Table 3. Pugh chart comparing possible load cells against a set of criteria. The Omega LC201
load cell was used as a reference. Accuracy includes linearity, hysteresis, and repeatability.

Selection Load Cells Considered
Criteria Interface Omega Omega Futek Futek Tecsis
1500 LCHD LC201 LSM300 LCF300 | XLUN294
Accuracy + + 0 + 0 +
Cost - - 0 0 - -
Ease of 0
. . 0 0 0 + 0
mtegration
Availability - - 0 - - -
Size - + 0 + - -
+ 1 0 0 1
0 1 1 5 1 0 1
- 3 2 0 1 3 3
Net Score -2 0 0 2 -3 -1

Once the Model LSM300 load cell was selected, the capacity of the load cell was
finalized. The force data from testing with the former model gave a maximum force value of
approximately 14 Ibf seen in Figure 2c. Since resolution scales with capacity, the lowest capacity
load cell with this number in its range was selected; thus a 25 1b capacity load cell was chosen

over a 10 Ib and 50 b capacity load cell.

3.1.2 Mechanical Considerations

The selection of the single point load cell allowed for a simple mount design. The load
cell assembly shown in Figure 3a consists of the load cell, a mount with a built-in handle for
pulling, and a spacer to keep the load cell's active beam area from contacting any surface. The
three components are held together by two #6 bolts and nuts. The load cell assembly also
consists of a strap that goes around the ankle to flex or extend the leg. The previous strap was a
piece of string with one end tied around the ankle and the other end tied to the force gauge. The
string was noted to have a significant amount of slack in the force gauge videos, and so a strap,

which minimized the amount of string, was designed. This strap, presented by the prototype in
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Figure 3b makes use of Velcro and metal rings in addition to string. The string is then tied to a
rod end that is affixed to the load cell via a threaded rod adapter.

Figure 3a. Load cell mount assembly. The mount and spacer of the physical assembly
were designed on SolidWorks and exported to be 3D printed from ABS in a LulzBot
TAZ 6 printer.

Velcro® Strap

‘-, Threaded

rod
adapter/
load cell
assembly

Figure 3b. étrap asscmbly ;irototype. The prototype was made out of materials on hand
and tested by pulling on a cylindrical object to validate its performance in actuating the
leg.
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3.1.3 Electronic Considerations

The electronic specifications of the selected Futek LSM300 load cell constrained the
setup of the force data collection, as well as its geometry discussed in Section 3.1.2. The load
cell has a 4-conductor cable, where two of the wires are used to provide the excitation voltage
and the other two are used to send out the signal. An Arduino™ UNO was selected to collect the
signal from the load cell via one of the analog pins since the Arduino™ can provide the signal

necessary for synchronization, described in Section 2.2.

The maximum excitation given on the specification sheet for the load cell is 18 V
(Appendix A); however, a 10 V excitation was recommended by a Futek representative when
Product Inquiry was contacted. Following the recommendation of the representative, a 10 V
excitation was favored for the load cell over the 18 V maximum. Since an Arduino™ was
selected to play a role in force data collection and synchronization, the idea of using the
Arduino™ to power the load cell was considered; however, an Arduino™ can only provide a5 V
output. A 10 V excitation voltage was chosen over a 5 V excitation voltage because it would
yield a better resolution. Since the Arduino™ can only supply 5 V, two options were considered
to provide the 10 V excitation voltage to the load cell: create a circuit to amplify the Arduino™
output or use a power supply. While the circuit could possibly keep the wiring more compact and

organized, the power supply was selected because it could more reliably output 10 V.

With the selected 10 V excitation voltage and a nominal rated output of 2 mV/V
(Appendix A), the load cell would produce a signal between 0 mV and 20 mV for loads within
its capacity of 25 Ibs. This voltage difference is too small to be picked up by an Arduino™ so an
instrumentation amplifier, Analog Devices AD8237, was selected to interface between the load
cell and Arduino™. The 10 V power supply and instrumentation amplifier are shown in the
schematic in Figure 3d. The instrumentation amplifier allows for the user to set the desired gain
by choosing two external resistors, positioned as shown in Figure 3c. The gain is determined by
the resistors by Equation 1, as follows:

R2 (1)

G=1+—
+R1
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Figure 3c. Simplified Analog Devices AD8237 instrumentation amplifier schematic
(Appendix A). The external resistors, R1 and R2, which set the gain are on the right side.

Resistance values R1 = 1 kQ and R2 = 390 kQ were selected from standard resistor
values to give a gain of 391 by Equation 1. This value of gain was chosen because it would yield
a signal of approximately 4.4 V from the maximum force seen in Figure 2c of about 14 Ibf,
which is safely within the ground to 5 V range that can be accurately measured by the analog
input pins of the Arduino™ [4]. The measured voltages are then collected and recorded in
MATLAB as forces using the load cell calibration factor of 1.16 Ibf/mV that was obtained by
Futek during a calibration test and presented on the load cell’s Certificate of Conformance

(Appendix B).

3.2 Synchronization

Along with the Arduino™ UNO, a pliance®-x Wired Sync Box and an APDM Sync Box
were used for synchronization of force, pressure, and kinematics data. The system designed for
synchronization across the force, pressure, and kinematics data is shown in Figure 3d. The

evaluation of this system is detailed in Section 4.2.

Both the pliance®-x Wired Sync Box and the APDM Sync Box can either send or
receive a signal so that the start of a trial can be synced. The pliance®-x Wired Sync Box is
connected to the novel pliance®-x box, which transmits data to the computer [5]. The APDM
Sync Box is connected to the Access Point, which is the wireless communication hub between

the host computer and Opal IMUs. The use of an Arduino™ for collecting the load cell signal led
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to the decision to use a trigger input for the external sync boxes rather than a trigger output
because of the Arduino’s ability to output 5 V. A constant trigger was selected over an edge
trigger in the sync setup tab of the novel pliance® online software, so that pressure data
collection occurs as long as the signal is 5 V. Similarly, a level trigger type was selected in the
external synchronization tab of the Motion Studio software, so that kinematics data collection

occurs as long as the input signal is 5V.

A MATLAB script was developed to begin data collection for each trial. Through the use
of a Graphical User Interface (GUI) on MATLAB, the user can press a “Start” button to start
collecting data and a “Stop” button to stop collecting data. When the “Start” button is pressed,
the Arduino™ sends out 5 V to both the pliance®-x Wired Sync Box and the APDM Sync Box
from one of its digital output pins and begins reading load cell data through one of its analog
input pins. The Arduino™ continues collecting data from the load cell through the
instrumentation amplifier and outputting a 5 V signal to the sync boxes until the user presses the
“Stop” button on the GUI. The load cell data are converted into force values using the calibration

factor of 1.16 Ibf/mV and the selected gain of 391 and logged in MATLAB, saved as a .csv file.



Power Supply

Instrumentation Load Cell

Amplifier
M . Hance®-x Sync
MATLAB® Arduino pHia Y
Box
A4
APDM Sync Box Pressure Mat
h.

Opal IMUs novel

|

Motion Studio

Figure 3d. Synchronization setup schematic. The power supply provides a 10 V
excitation voltage to the load cell, which then has its signal amplified by the
instrumentation amplifier. When the “Start” button is pressed on the GUI in MATLAB,
the voltage is and measured by an Arduino™ analog pin. The data are transmitted to
MATLAB and converted to force recorded using the calibration factor of 1.16 1bf/mV
and gain factor of 391. Pressure and kinematics data collection are synced with the force
data collection through the same GUI. The MATLAB code has the Arduino™ output 5 V
to the two sync boxes once the “Start” button is pressed on the GUI, prompting the novel
system to collect pressure data from the sensor mat and the APDM system to collect
kinematics data from the IMUs. Data collection is terminated for force, pressure, and
kinematics when the “Stop” button is pressed.
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4. Experimental Evaluation

4.1 Force Data Collection

The force data collection was validated using a different instrumentation amplifier than
the selected Analog Devices AD8237, which is expected to arrive in the next few weeks. A
readily available Vernier Instrumentation Amplifier was used to amplify the signal from the
selected load cell. The nature of the Vernier instrumentation amplifier called for the need of a
Vernier Arduino™ Interface shield, as shown in Figure 4a. The interface shield did not allow for
the coincident evaluation of force data collection and synchronization because it monopolized
the inputs and outputs of the Arduino, such that the Arduino™ could not output the 5 V signal

necessary to trigger the two external sync boxes.

The MATLAB code for force data collection was validated, as data was successfully
collected and recorded on MATLAB for the modified code accounting for the specifications of
the Vernier Instrumentation Amplifier. The Vernier instrumentation amplifier as a set of fixed
gains, unlike the Analog Devices AD 8237 instrumentation amplifier which allows the user to set
the gain by the selection of two external resistors, as described in Section 3.1.3. A gain of 150
was used for the 0-20 mV range of the Vernier instrumentation amplifier. With the known
calibration factor of the load cell, the code only reflected the discrepancy between the gain

factors of the different instrumentation amplifiers.



Power Supply

10V
Vernier
instrumentation [« Load Cell
Amplifier

Vernier Arduino
Interface shield

A

MATLAB® N Arduino

Figure 4a. Schematic for evaluation of force data collection. The power supply provides
a 10 V excitation voltage to the load cell, which then has its signal amplified by the
Vernier Instrumentation Amplifier. The amplified signal from the Vernier sensor is
connected to the Arduino™ microcontroller via the Vernier Arduino™ Interface Shield.
The data are transmitted to MATLAB and converted to force recorded using the
calibration factor of 25 Ibf/20 mV and the known gain factor of 150 for the 0-20 mV
range of the Vernier instrumentation amplifier.

4.2 Testing Synchronization

Without a proper instrumentation amplifier for the purposes of the designed
synchronization system shown in Figure 3d, synchronization of data collection was tested
without a load cell. Instead, voltage readings between 0 V and 5 V from a power supply were
measured by the Arduino™ without amplification. The voltage read by the Arduino™ was
converted into pseudo force data with a calibration factor in MATLAB. In this way, the power
supply acted as the load cell with amplified signal. Syncing the beginning of data collection
using the “Start” button on the MATLAB GUI was evaluated with the system shown in Figure
4b. When the “Start” button was pressed, the Arduino™ would send out a 5 V signal to the

pliance®-x sync box to trigger data collection for the pressure sensor pad and to the APDM sync
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box to trigger data collection for the IMUs at the same time as it started collecting voltage data
from the power supply to log in MATLAB. The 5 V output from the Arduino™ at the selection
of the “Start” button on the GUI was confirmed by a multimeter. Additionally, the novel and
Motion Studio software showed that data collection began when the Arduino™ output to the
sync boxes changed from 0 V to 5 V. The “Stop” button was similarly tested; this testing
confirmed that both software programs stopped data collection when the Arduino™ output

changed from 5 V to 0 V at the press of the button.

Power Supply

+ liance®-x Sync
MATLAB® Arduino plrance™-x 5y
> Box
y 3
APDM Sync Box Pressure Mat
4
Opal IMUs novel

Motion Studio

Figure 4b. Schematic for evaluation of synchronization. The power supply outputting a
signal between 0 V and 5V replaces the load cell and instrumentation amplifier in testing
for force data collection. When the “Start” button is pressed on the GUI in MATLAB, the
voltage from the power supply is and measured by an Arduino™ analog pin. The data are
transmitted to MATLAB and converted to pseudo force data using the calibration factor
of 3 Ibf/V. Pressure and kinematics data collection are synced with the force data
collection through the same GUI. The MATLAB code has the Arduino™ output 5 V to
the two sync boxes once the “Start” button is pressed on the GUI, prompting the novel
system to collect pressure data from the sensor mat and the APDM system to collect
kinematics data from the IMUs. Data collection is terminated for force, pressure, and
kinematics when the “Stop” button is pressed.
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5. Conclusion

5.1 Conclusion

The challenges and results of testing with the former benchtop model described in
Chapters 1 and 2 informed the design decisions used to revise the methods used for data
collection and sensor synchronization. Overall, the evaluation of the revised framework proved it
to be better than the former one. The separate evaluation of force data collection and
synchronization demonstrates that the GUI and code developed for synchronization across the
force, pressure, and kinematics data trials is working correctly. Force data is successfully logged
in MATLAB, which overcomes the challenge of force data collection through video footage of a
force gauge display described in Sections 1.1.1 and 1.1.2. The implication is that synchronization
of data collection can be achieved at the start of each trial, which can be used for model
validation and thus enable evaluation of human-suit interactions in terms of force and internal

kinematics.

5.2 Future Work

Future work for the proposed system involves testing force data collection and
synchronization with the selected instrumentation amplifier once it arrives. Collection of external
kinematics data can also be integrated into a future model using the same synchronization design

proposed in the thesis with the incorporation of additional IMUs.

Other work that would improve the proposed synchronization system for the purposes of
preliminary characterization of interactions of the leg and spacesuit include decreasing the
profile of the entire setup. The current system, with the use of the pliance®-x Wired Sync Box,
requires the entire system to be placed inside the pressurized spacesuit due to wiring constraints.
Although the synchronization of the designed system has been validated, it would be
meaningless in this setting since the load cell would be inside the spacesuit, rather than outside
and access to the “Start” and “Stop” buttons on the GUI would be obstructed. Using a pliance®-
x Wireless Sync Unit instead of the Wired one in the future would énable use of the system

within a pressurized spacesuit.
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Once the synchronization across the three types of sensors is validated and the system can
be used in the pressurized spacesuit, the results of force, pressure, internal kinematics, and
external kinematics data throughout the trials can be used to characterize the interactions,

pursuing the ultimate goal of creating a musculoskeletal model.
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7. Appendices

Appendix A: Specification Sheets

A-1: Futek LSM300 Load Cell available online at
http://www.futek.com/product.aspx?t=load&m=Ism300

ADVYARCED SAMFOR TRCAMOLOGY. |NC.

MODEL LSM300

OEM Load Cell

SPECIFICATIONS

PERFORMANCE

Nonlineznty

Hysterasis

FEATURES

* intended for high volume applications

= Easily integrates inzo OEM appiications

s Buiit-in overload protecion

*  Zxceptional nonlineanty and nonrepeatabiity

* Canintegraie with analeg VDC, mA, digital
§81.12C. RS-232, UART output, and more

: “;‘meﬁ' Qutput zﬁo; '

Excitation WTC or VAZ)

Bridge Resistance

=0.02% of RO {2.2-100 b}
=0.06% of RO {200 b}

z0.02% of RO {2 2-100 ik}
=0.06% of RO {200 ib}

=0.02% of RO

£0.025% of Load

2 mvA nom

18 max

$00C Ohm nom

insulation Resistance

Connection

Wiring/Connatice

MECHANICAL

2500 Mohm @ 50VDC

#29 ANG, 4 conducior, spinal tefion cable, &in
{152.4 mm] iong

WC2

[] Active end

Weighs [approxismatel

1 or [28 g1 (2.2-100 ib}

Sensor Solution Source
Loz Torous - Premos - Mul s - Calibranon - petument - Solwery

www. futek.com

s
RoHS 3¢
23401

&
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CAUBRATION
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Model LSM300 2

CAPACITIES

— AT TEM # b N o ;IJ‘ F: He sm‘;ﬂ_. i
oxEn FSHO3974 22 7.8 0.0080 280 250
I- remq Fsho3Ts| s 222 0.0065 48 750
T 1 r FSHO3976| 10 445 0.00£0 487 250
| FSHO3977 25 111 £.0088 1134 250
' g Q.0055 1593 250
445 2,000 2157 725‘0
I 8?0 Q0085 ) 1773 400"

GAT6 YT

“if addigonal pins ar e

o 0095[2en
0093 12,343 _*\\

02T BT

Drewing Numbar: F11400
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A-2: Analog Devices Instrumentation Amplifier (selected pages) available online at
http://www.analog.com/en/products/amplifiers/instrumentation-amplifiers/ad8237.html#product-

overview

ANALOG
DEVICES

Micropower, Zero Drift, True Rail-to-Rail

Instrumentation Amplifier

AD8237

FEATURES

Gain set with 2 external resistors
Can achieve low gain drift at all gains
ideal for battery powered instruments
Supply current: 115 pA
Rail-to-rail input and output
Zero input crossover distortion
Designed for excellent de performance
Minimum CMRR: 106 dB
Maximum offset voltage drift: 0.3 pV/°C
Maximum gain error: 0.005% (all gains)
Maximum gain drift: 0.5 ppm/°C (all gains}
Input bias current: 1 nA guaranteed to 125°C
Bandwidth mode pin [BW) to adjust compensation

PIN CONFIGURATION
ADB237

aw [7]
—INE
B
-y [7]

(%] Yeur
E FB

E| REF
ol

TOP
Mot 1o Scale)
Figure 1.

T

i
E

8kV HBM ESD rating

RF filter on-chip

Single-supply operation: 1.8V 10 5.5V Table I. Instrumentation Amplifiers by Category’

8-lead MSOP package General Zero | Military Digital

Purpose Drift Grade Micropower Gain

APPLICATIONS ACRAZE ADSZI7 | ADG20 | AL8237 ADE2SC
H p ADERVADRZYY | ADB23T | AD&2Y ACR4D ADE25

Bridge amplification ApEoADER24 | ADS29 | Apsae | Apszisiaoerss | Apesa

Pressure measurement ADBI28 ADSss3 | ADSZ6 | ADS2? AD8231

Medical instrumentation ADE29S AD8sEs | ADs24

Thermocouple interface ADEIZS ADSS57

Portable systems

Current measurement * Sae www analog com for the latest Instumentation ampiflers.

GENERAL DESCRIPTION

The AIS237 i 3 micropower, zeve drilt, rail-to-rail input and
cutpat instrumentation amplifier. The relative match of two
resistors sets any gain froms 1 1o 1000, The ADS237 has excellomt
gain accuracy performance that can bhe preserved at any gain
with two ratio-matched resistors.

The AIIB237 employs the indirect current tecdback architectun w0
achieve a true rail-to-rail cepsbdity: Unlike conventional m-amps,
the A1DS257 can fully amplity sigoals with common-mode voltage
at or even slightly bevond its supplies. This enables applications
with high common-mode voltages to use smaller supplies and
SaVE PUWEL

The AIXS227 35 an excellemt choicy for portable systems. Witha
minimum supply voltageof 18V, 115 ud typical supply current,
and wide input range, the ADS8237 makes full use of alimited
power badget, vet offers bandwidth and drift performance suitable
for bench-top systems,

Rev.0
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i b A

vy Firs . - r.r:—‘ ot R

Tearhmarie aod v Sl d ~rrapid. 2

The ADS237 is available in an 8-kad MSOP package. Performance
s specified over the full temperature range of -40°C 10 412570
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One Technology Way, P.C. Bax $106, Norwood, MA 02062-9106, USA.
Tek 7813294700 www.analog.com
Fax: T81.461.3113 +2012 Analog Devices, Inc. All rights reserved.

32



AD8237

THEORY OF OPERATION

AD8237

Vour
| b
o
| dm
N
®
x :

Figare 63. Simpified Schematic

ARCHITECTURE

The ADS237 is based on an indirect carrent feedback topology
consisting of three amplifiers: two matched transconductance
amplifiers that convert voltage to current, and one transimpedance
amplifier, TIA. that converts current w voltage.

o understand how the ADAZ37 works, first consider ondy the
mternal in-amp. Assume a positive differential voltage s applied
across the iaputs of the transconductance amglifier, g This inpta
vollage is converted into a differential current, 13, by the g,
Initially, 12 is zero; therefore, [1 15 fed imo the TIA, causing the
output to increase. [ there is feedback from the vutput of the TIA
10 the negative terminal of g, and the positive terminal is held
<onstant, the increasing output of the TIA causes 12, as shown, to
increase. When it is assumed that the T1A has infinie gain, the
Toop is satisiied when 2 equaly [1 Because the gain of g and g are
matched. this means that the differential inpat voltage across g1
appears across the inputs of g, This behavioral model 1 all tha
is needed for proper operation of the ADS237, and the restof the
cirenit is for performance oplimization.

‘The AD8237 employs a novel adaptive level shift (ALS) rechnique.

‘This switched capacitor method shifts the common-mode level of
the input signal to the optimal level for the n-amp while preserving
the differential signal. Once this is accomplished, additional
perfornunce benefits can be achieved by using the internal in-amp 10
compare +IN to FB and -IN 10 REE This is only practical because
the signals emitting from the ALS blocks are all referred to the
same common - mode potential.

In traditional instrumentation amplificrs, the input common-
maode voltage can Limit the available outpat swing, tepicaliy depicted
in a hexagon plot of the input common-mode vs. the output voltage.
Because of this limit, very few instrumentation amplifiers can
measure small signals ncar cither supply raif. Using the indirect
current feedback 1opology and ALS, the AD#237 achioves a truly
rail-to-rail charactenstic. This increases power efficiency in many
apphications by allowing for power supply reduction.

The ADS237 includes an RFI filter to remove high frequency cut-
of-band ssgnals without affecting input impedance und CMRR over
froquency. Addniomally. there s a bandwidth mode pin 1o adhust the
compensation. For gains greater than or equal te 10, the bandwidth
musle pin (BW) can be tied 10 3V 10 change the compensation
and increase the gain bandwidth product of the amplifier 1o § Mgz
Onherwise. connect BW 1o -V for a 200 k He gain bandwidth
product
SETTING THE GAIN
There are several ways te configure the ADS237, The transter
function of the AD8237 in the configuration in Figur: 85 1s

Vo = GiV

whire:

l3=l+£
Rl

Table 7. Suggested Resistors for Various Gains (1% Resistors}

RT k) R2 (k) Gain
Nane Short 1.00
499 309 200
20 8046 503
10 0 10.09
5 953 20,05
2 96 498

1 100 101

1 206 m

1 499 500

1 1000 1001

Whereas the ratio of R2 to Ri sets the gain, the designer determines
the absolute vafue of the resistors, Larger values reduce power
consumption and cutput loading, smaller values limit the F8 input
bras current and input imspedance errors, If the paralid combination
of R1 and 12 & greater than about 30 (), the resistors start te
contnbute to the noise. For best outpat swing and hneanity, kevp
(RI+RHER = 10k{L

Rev.DiPage X0 of 28
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Appendix B: Futek Load Cell Certificate of Conformance

CERTIFICATE OF CONFORMANCE

Centificate #: 1704130098

Maodel: LSM300 Item #: FSHO39T7 Capacity: 25 ib
Temparature; 73'F Humdity: 47 % Excitation: 10.00 (Vdc)
FS Loak 251
Tension
Rin Rout | FSOutput |Zevo Balancol
foa N i) @ mvnn roVeVY
1 715448 1,123 1002 2851 -0.0043

Thet cortdies that tha Satad sansor(e) sadior inslrumaent{s) ras bearn tasted usirg squpmant traceable ie MNIST and coaforns lo the
manufadunng andror final procuct SPeCICaiions per Srinled matsrial o PUICNASEe CIOer Supetring Uecumentanan relsive 10
traceabily % on e and is avaiabis for examination upea BauSE

| Testedby: David Campos 4..'1-31201?

Sensor Solution Source
Losd Tosgos - Preatut - Myl Ams - CaBaRen- Rilisao - Satmes

Fie
T

www futek.com w0t Us Mandarhem
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