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Mitigation of bone loss as a result of long-duration exposure to microgravity is a serious 

medical concern for astronauts.  With stays on the International Space Station (ISS) spanning 

from 6 months to a year, crew members are returning to Earth with a skeleton whose structural 

integrity has been significantly compromised, placing them at risk for bone fracture upon re-

exposure to a gravitational environment.    

Mechanical stimulus delivered to the lower extremity is beneficial to the development, 

growth or repair of bone.  In order to monitor and quantify the mechanical stimulus delivered to 

the lower extremity during bouts of physical activity such as exercise an accelerometer-based 

activity monitoring system was developed and tested in a variety of real and simulated gravity 

environments.   

The activity monitoring system has been demonstrated in an operational and flight-like 

setting to successfully record accelerations during exercise in microgravity. Acceleration and 

force data were collected and analyzed in various gravity conditions to reveal a positive and 

significant relationship between accelerations recorded at the hip and vertical ground reaction 

forces.   This will enable future exercise prescriptions to be developed and evaluated.  The small 



 

package size, wireless Bluetooth capability and the ability to be unobtrusively worn during 

exercise or activities of daily living make the activity monitoring system appealing not only for 

use in space exploration, but also for use on Earth.   
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Chapter 1. INTRODUCTION  

Osteoporosis is a disease that causes bones to become weak and brittle due to a marked 

loss of bone mineral density.  Osteoporosis affects approximately 10 million Americans and is 

becoming an increasing health risk to our aging population.  Osteoporosis is primarily known 

only as a risk to older women.  While older women are an at-risk population, men are also at 

risk: as many as 50% of women and 25% of men older than 50 will fracture a bone due to 

osteoporosis.  Aside from hospitalization and limited mobility as a result of hip fracture, the risks 

extend much further: the U.S. Department of Health and Human Services found that 1 in every 5 

hip fracture patients die within a year of their injury [19].  According to a study on the incidence 

and economic burden of osteoporosis-related fractures, more than 2 million osteoporosis-related 

fractures were treated in 2005, with total medical costs of approximately $17 billion.  By 2025, 

those numbers are expected to grow to more than 3 million fractures and $25.3 billion in costs 

[4].  In order to reduce the incidence of osteoporosis-related fractures and medical expenses 

associated with the osteoporosis, it is critical to develop preventative strategies to mitigate the 

rapidly growing burden of this disease.    

In addition to aging citizens, another population at risk for loss of bone mineral density 

(BMD) is astronauts living and working in space.  In order to ensure safe, reliable, and 

productive human space exploration, it is necessary to address these medical challenges facing 

astronauts and implement preventative measures.  One of the top medical priorities for the 

National Aeronautics and Space Administration (NASA) is the mitigation of bone loss as a result 

of long-duration exposure to microgravity.  Pre- and post-flight assessments have shown that 

astronauts lose approximately 1-2% of regional bone mass for each month spent in low-earth 

orbit in spite of present exercise countermeasures [15].  This amount of bone loss per month is 

equivalent to what an older, osteoporotic woman on Earth experiences in an entire year [20].  

With stays on the International Space Station (ISS) spanning from 6 months to a year, crew 

members are returning to Earth with a skeleton whose structural integrity has been significantly 

compromised, placing them at risk for bone fracture upon re-exposure to a gravitational 

environment [21].  

Presently, bone loss countermeasures in low-earth orbit include nutritional plans and 

physical exercise consisting of resistive and aerobic activities; however, the effects of these 

countermeasures remain unclear.  On Earth, it has been shown that mechanical stimulus 

http://wizfolio.com/?citation=1&ver=3&ItemID=2921&UserID=5029&AccessCode=C20B54905C814BE184F3692378140991&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=2904&UserID=5029&AccessCode=9A368BE2B3134026A6A53550C7D61E62&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=306&UserID=5029&AccessCode=AF7219D3928A4717811415AEA26A0E03&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=2914&UserID=5029&AccessCode=EADCA216BC784B9AA3815D154454124B&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=2913&UserID=5029&AccessCode=4EC304E65C4644B7B7E36F670102B3C0&CitationSuffix=
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delivered to the lower extremity has osteogenic effects on the skeleton (i.e. beneficial to the 

development, growth or repair of bone). This is of particular importance in weight-bearing bones 

including the femur, pelvis, and lumbar region of the spine, which are susceptible to fracture 

when BMD is compromised [1].   Unfortunately, crews presently aboard the International Space 

Station are unable to monitor the forces applied to the body as a result of exercise.  This makes it 

difficult to predict if crew members are meeting their daily bone health requirements.  If the 

mechanical stimulus delivered to crew members during bouts of physical exercise could be 

monitored and quantified, an estimation of osteogenic activity could be made.   

In order to monitor and quantify the mechanical stimulus delivered to the lower extremity 

during bouts of physical activity such as exercise, an activity monitoring system was developed 

as a result of the National Space Biomedical Research Institute (NSBRI) study “Monitoring 

Bone Health by Daily Load Stimulus Measurement During Lunar Spaceflights” by ZIN 

Technologies (Cleveland, Ohio). The activity monitoring system is an accelerometer-based 

system featuring sensors that would be worn by crew members during exercise to unobtrusively 

monitor the accelerations they experience and interpret that data in relation to bone health.  The 

long-term objective of this research is to utilize the activity monitoring system to alert crew 

members aboard the ISS or on long-duration spaceflight missions whether or not they have 

reached their daily quota of physical activity for bone health maintenance.  Beyond the direct 

application to long-duration crew members, this research may also benefit medical patients, 

athletes and the general aging population. 

Chapter 2. LITERATURE REVIEW 

2.1 BONE FUNCTION, STRUCTURE AND STRENGTH 

Bone is a type of dense, living connective tissue that constitutes the human skeleton and 

serves three important functions:   

(1)  Mechanical:  provides the structural means to support against gravitational forces and 

applied loads and enables locomotion by serving as the lever arms and attachment 

sites for muscles;  

(2) Protective:  protects vital organs and bone marrow;  

(3) Physiological: produces red and white blood cells and stores minerals. 

http://wizfolio.com/?citation=1&ver=3&ItemID=2888&UserID=5029&AccessCode=ABD8942C63F443F09D07E92BFB5F0B19&CitationSuffix=
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Two types of osseous tissue constitute bone: cortical and trabecular.  About 80% of the total 

skeleton is composed of cortical, or compact, bone: the thick, dense external layer of calcified 

tissue.  Trabecular, or cancellous, tissue forms the inner portion of bone.  Trabecular bone is 

primarily found at the end of long bones, proximal to joints, where it gives supporting strength to 

weight-bearing bones such as the femur, pelvis or vertebrae [14].  As seen in Figure 1, trabecular 

bone is spongy and less dense than cortical bone (30 - 90% porosity, versus < 30% porosity in 

cortical) and plays an important role in the vascular system as it is the location for blood cell 

production [26].   

 

Figure 1  Cross-section of the femur showing cancellous (trabecular) and compact (cortical) 

bone [2] 

 

 The name for trabecular bone is derived from the Latin word trabecula, meaning “little 

beam”.  The name is very fitting for this osseous tissue as the individual elements of trabecular 

bone form a three-dimensional network of small, beam-like structures which are specifically 

oriented to make bone stronger in the direction of maximum load.  This directional distribution, 

or anisotropy, of trabeculae is illustrated in the proximal femur in Figure 2.  Bone is strongest in 

compression, aiding in resistance to compressive stress as a result of body weight.  Bone is also 

capable of resisting forces due to tensile loads such as those applied from muscle.  The ability to 

resist compressive and tensile forces is a result of bone’s material properties.  Bone is a 

http://wizfolio.com/?citation=1&ver=3&ItemID=2908&UserID=5029&AccessCode=44922C6C48C24C25BEC67F5E7114416F&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=2909&UserID=5029&AccessCode=91B5F18B0D104DDF8DBB69B90EDA7343&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=2917&UserID=5029&AccessCode=1F1BB6F5A2124C2BAC88FFDCF331400A&CitationSuffix=
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composite material composed of mineral embedded in a matrix of collagen [23].  Both of these 

provide strength and resilience in order for bone to absorb impact [17].  Mineral, which makes 

up approximately 65% of bone, gives bone its ability to resist deformation, or stiffness.  

Collagen, on the other hand, has a low elastic modulus, with high tensile strength enabling bone 

to flex and resist tension.  This is significant in areas of bone which are experiencing a moment 

and thus being placed in tension, such as the femoral neck.  Collagen is progressively lost with 

age, increasing susceptibility to tensile loads and placing the elderly population at risk for 

fractures these regions.   

 

 

Figure 2  X-ray image of the trabecular architecture (left) and the anisotropy of stress 

distribution (right) of the proximal femur. Image adapted from [27]. 

2.2 BONE ADAPTATION TO MECHANICAL LOADING 

For over 100 years, bone adaptation due to mechanical loading has been acknowledged.  

In 1892, Wolff’s paper, The Law of Bone Transformation suggests that the architecture of bone 

follows its function.  Specifically, Wolff’s law states that bone in a healthy person will adapt to 

the loads under which it is placed and that, if loading of a bone increases, the bone will remodel 

itself to become stronger in order to resist similar loading stresses in the future.  A common 

example exhibiting this phenomenon is in tennis players: the bone cortex size is larger for their 

dominant playing arm than that of their non-dominant arm [10]. 

http://wizfolio.com/?citation=1&ver=3&ItemID=2910&UserID=5029&AccessCode=FD3AAE362FA740BCA77AC3A59AFD720B&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=2912&UserID=5029&AccessCode=09FCF46B06B047C6864CD5438ACA1B6E&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=486&UserID=5029&AccessCode=E35F84C0490A44BAA75907225453FA8E&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=2911&UserID=5029&AccessCode=2DD2D44F833745EFA4AE0EB2ABA8B92B&CitationSuffix=
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In 1917, Thompson elaborated on Wolff’s observations stating that, “Strain, the result of 

stress, is a direct stimulus to growth itself”.  Thompson also suggested that the shear stress 

produced as a result of bone deformation may play a significant role in the mechanical signaling 

process of bone adaptation.  Building upon this, Harold Frost developed the Mechanostat, a 

model describing bone growth and loss as a result of local, mechanical elastic deformation of 

bone.  During nominal operation, bone’s control loop senses strain and maintains bone mass; if 

the strain within a bone exceeds a set point, modeling of the bone occurs to reduce the strain 

back to the initial set point. 

Frost identified four regions of strain which impact bone adaptation [7]:  

(1) Disuse – the state in which strain is less than that required to maintain healthy bone 

and thus bone mass and strength are reduced during remodeling 

(2) Adaptive state – homeostatic state of bone: bone loss and formation are working at 

equal rates 

(3) Overload – Bone is strained to induce modeling and thus bone mass and strength are 

increased 

(4) Fracture – Strain exceeds its maximum elastic deformation point to induce bone 

fracture 

Table 1  Set point values and corresponding stresses for bone’s thresholds for each adaptive 

state.  Adapted from [8] 

Region of Strain Strain Set Point Value Stress 

Disuse ~50-100 με ~1-2 MPa 

Adaptive State ~100-1500 με ~20 MPa 

Overload ~3,000 με ~60 MPa 

Fracture ~25,000 με ~ 120 MPa 

MPa = mega Pascal; Ultimate strength of bone is ~25,000 με 

 

 Expanding the relationship between strain and bone adaptation, Burr et al. suggest that 

the magnitude of a bone’s adaptive response to loading should be proportional to strain rate, 

rather than strain magnitude, due to the relationship between fluid shear stress on cells and 

loading rate [5].   

http://wizfolio.com/?citation=1&ver=3&ItemID=2918&UserID=5029&AccessCode=4779741AB2F3488080E46E8ACEBBA5D1&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1888&UserID=5029&AccessCode=94821D5DFFC6433F8EB93C1EFED27D1F&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=2907&UserID=5029&AccessCode=8123C52B1FA34FBEAB8FB671349E7866&CitationSuffix=
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The ability of bone to sense and respond to mechanical strain is controlled by a 

regulatory network of cells: osteocytes, osteoblasts and osteoclasts. [3]  Throughout life, bone is 

continually being modeled and remodeled to meet the needs of its environment via bone 

formation and resorption (breaking down of bone).  Modeling is the process in which bone is 

formed at one site and broken down in a different location to change its shape and position. 

Remodeling, on the other hand, involves the removal and replacement of bone at the same site.  

Most of the adult skeleton is replaced about every 10 years as a result of these adaptive 

processes.   

Osteoblasts and osteoclasts play a crucial role in building and reshaping the skeleton and 

are activated in response to internal and external signals dictating bone formation or bone 

resorption.  Osteocytes act as sensors of strain to generate signals to the bone surface and 

stimulate osteoblasts.  Osteoblasts work to form new bone, producing collagen and strengthening 

bone; osteoclasts dissolve bone mineral to remove bone [11].  An increase or decrease in 

mechanical strain signals a predominance of osteoblast or osteoclast activity, respectively.  The 

net result of these activities can indicate bone loss or gain [26]. 

In order to describe the modes of mitigating a net bone loss, C.H. Turner concluded that 

there are three fundamental rules for bone adaptation [27]:   

(1) bone adaptation occurs in response to dynamic, versus static, loading;  

(2) extending the duration of mechanical loading or exercise has a diminishing effect on       

     further bone adaptation; 

(3) bone cells are less responsive to routine loading signals.  

These three rules can be extrapolated to design an exercise prescription beneficial to bone by 

including dynamic, high intensity workouts of short duration with periods of rest.  As seen, it is 

important to understand the fundamentals of bone adaptation when considering bone health 

countermeasures.   

2.3 MEASUREMENT OF EXERCISE 

2.3.1 Ground Reaction Force 

In biomechanics, a common way to study gait analysis or the mechanical loading 

associated with physical exercise, is to measure ground reaction forces.  The ground reaction 

force, or GRF, is the force exerted on the ground by the mass in contact with it and provides a 

http://wizfolio.com/?citation=1&ver=3&ItemID=2903&UserID=5029&AccessCode=63F9E28C60FF46F297E0B7EE61982DD3&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=2909&UserID=5029&AccessCode=91B5F18B0D104DDF8DBB69B90EDA7343&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=486&UserID=5029&AccessCode=E35F84C0490A44BAA75907225453FA8E&CitationSuffix=
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measure of applied load.  Part of the loading on the hip and lower extremities during locomotion 

is the GRF, generated by the acceleration of the body during impact.  In a study on the adaptive 

skeletal response to mechanical loading, Hsieh, et al. found that strain magnitudes are linearly 

proportional to the magnitude of the externally applied load.  This makes a strong case for the 

utilization of GRF data to estimate strain magnitude [12].   

 Force plates are frequently used to measure GRFs.  A force plate normally consists of 

embedded tri-axial force sensors measuring the force between the foot and ground in three axes: 

medio-lateral, anteroposterior and vertical.  The vertical force is the largest component of the 

GRF and accounts for the acceleration of the body’s center of mass [24].  An example of ground 

reaction force data recorded by a force plate during running is shown in Figure 3. 

 

Figure 3  Plot showing typical ground reaction force data (normalized to body weights) recorded 

on a force plate during running [16] 

Traditionally, ground reaction forces are the primary means to predict the mechanical 

stimulus experienced during physical activity.  Absent an in-shoe force sensing system, the 

collection of routine force data for daily activity is impractical, however, due to the need for a 

force-sensing mechanism such as a force plate.  A number of researchers have solved this issue 

through the utilization of accelerometer-based sensors which are small, unobtrusive and can be 

worn throughout the day to record activity [6,9,25,28].   

http://wizfolio.com/?citation=1&ver=3&ItemID=2915&UserID=5029&AccessCode=02FFE33818704C6AA53E6E4C38990966&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=2889&UserID=5029&AccessCode=DBA4704AAB624527ACD97150A7EBD6A3&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=2916&UserID=5029&AccessCode=123D4C0DC3B94A098982983E0DFFF6E9&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=2897&UserID=5029&AccessCode=51DBD80887354C37B64605AFB3976E30&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=2897&UserID=5029&AccessCode=51DBD80887354C37B64605AFB3976E30&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=2896&UserID=5029&AccessCode=BA16E81EE8D54F539D2A1B4818EAEC62&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=2896&UserID=5029&AccessCode=BA16E81EE8D54F539D2A1B4818EAEC62&CitationSuffix=
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2.3.2 Acceleration Measurements 

Strain magnitudes and strain rates can describe bone’s adaptive response to loading.  In 

order to glean information about strain magnitude and rate through the use of accelerometers, the 

association between strain and acceleration needs to be defined. 

The force, F, exerted on the ground by a mass in contact with it can be described by 

Newton’s second law (F = ma), where a is the acceleration of the effective mass, m.  The stress, 

σ, created by this impact is the force, F, applied to a cross-sectional area, A (σ = F/A).  Strain, ε, 

the ability of a material to resist deformation, is calculated by Hooke’s law (ε = σ/E) [11]. 

The relationship between the strain and acceleration is thus,  

 

  
   

   
         (2.4.1)  

 

As mentioned in section 2.2, strain rate (the derivative of equation 2.4.1) is suggested to 

be strongly related to the osteogenic effect on bone and thus a similar relationship may exist with 

the acceleration slope (also known as jerk, or, the derivative of acceleration).   Without a means 

to measure strain rates experienced in bone, accelerations corresponding to impacts can lend 

valuable insight into the forces experienced during exercise. 

 Efforts have been made to determine the relationship between osteogenesis and the 

accelerations on bone resulting from exercise.  Researchers at the University of Oulu in Finland 

have conducted a series of studies regarding the effect of daily physical activity on bone health in 

premenopausal women.  In each of the studies, daily physical activity was continually recorded 

with a waist-worn accelerometer.  In one study evaluating the contribution of jumping exercise 

to changes in bone geometry as assessed by quantitative computer tomography (QCT), the 

researchers found that the subject group performing higher impact exercise showed a high gain 

in bone circumference at the mid-femur.  They concluded that changes in bone geometry are 

associated with both the number and the intensity (>3.9g) of daily impacts.  They also found that 

certain characteristics of acceleration signals can be a determinant in bone density [1].  One of 

the characteristics explored was the slope of acceleration, which has already been proposed as a 

way to obtain information regarding the strain rate above.  Additionally, the group looked at the 

http://wizfolio.com/?citation=1&ver=3&ItemID=295&UserID=5029&AccessCode=27EF22563E344D72A8D627273F8197B0&CitationSuffix=
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area under the acceleration-time curve to explore whether or not the area and energy of these 

signals are related to impulse (the area under the force-time curve) and mechanical impact 

energy, respectively.  These signal characteristics were indeed found to have implications for 

bone health.  The signal characteristics and the associated threshold values for positive impact to 

bone health can be found in Table 2. 

 

Table 2  Minimum acceleration peak signal characteristic values related to changes in bone 

density according to a study by R. Heikkinen et al.[11] 

 

Peak Slope Area Signal Energy 

(g) (m/s
3
) (m/s) (m

2
/s

3
) 

3.9 1000 2 75 

 

2.4 BONE LOSS IN SPACE 

Prolonged exposure to reduced gravity environments has been found to have serious 

detrimental effects on human physiology. In weight-bearing areas such as the hip, crew members 

have lost up to 1.7% of their bone mass per month as a result of living in microgravity.  A 

compilation of bone loss rates is shown in Figure 4.  Bone mineral loss as a result of unloading 

of the skeleton in microgravity is a significant area of concern due to the increased risk of 

fracture upon re-exposure to mechanical loading, such as returning to Earth’s gravity field or 

when exploring other lunar or planetary surfaces.  Furthermore, the cumulative deconditioning of 

bone may put the crew member at an increased risk for developing premature osteoporosis and 

fractures later in life [21].   

http://wizfolio.com/?citation=1&ver=3&ItemID=295&UserID=5029&AccessCode=27EF22563E344D72A8D627273F8197B0&CitationSuffix=
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Figure 4 Bone loss rates per month by skeletal region [21]  

To mitigate bone loss during long-duration space missions, crew members are assigned 

exercise prescriptions tailored to their training needs.  Each of these exercise prescriptions 

includes aerobic exercise, such as running or cycling, and resistive workout regimes.  For 

resistive exercises, crew members workout on the Advanced Resistive Exercise Device (ARED), 

shown in Figure 5.  The ARED was developed in order to enhance bone and muscle health 

during long-duration stays on the International Space Station.  The ARED is a weight-lifting 

machine which uses cylinders of air in order to provide resistance up to 600 pound force (lbf), 

double the load of the previous exercise device, the interim Resistive Exercise Device (iRED).  

Crew members can perform heel raises using a block, squats, deadlifts, upright row, bicep curls 

and bench press exercises with the use of this device.   
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Figure 5  Crew members exercising in microgravity aboard the ISS: running on the T2 treadmill 

with a subject load device (left) and performing squats on the ARED (right) [18] 

 

For aerobic exercise which has benefits for the cardiovascular system, loading of the 

skeletal system, and maintaining neuromuscular patterns for locomotion, crew members work 

out on an adapted treadmill.  In order to enable locomotion, the crew member is secured to the 

treadmill via a harness system and subject load device.  The treadmill and subject load 

configuration is shown on the left-hand side of Figure 5.  The harness is similar to a commercial 

backpacking harness where the loads are distributed onto a person’s hips and shoulders.  The 

subject load device applies loads, through the use of bungees, to the crew member similar to 

those experienced on Earth and the load settings can be changed throughout the mission.  It has 

been suggested that the peak ground reaction force and loading rating achieved during locomotor 

exercise in microgravity should mimic the same values found on Earth.  In order to achieve this 

and maintain a progressive workout plan, crew members start at approximately 60% of their 

body weight in the beginning of a mission, working upward to a load of 85-100% of their body 

weight toward the end.   

http://wizfolio.com/?citation=1&ver=3&ItemID=2922&UserID=5029&AccessCode=9FE383BD174C4303BC481E8AD15CED99&CitationSuffix=
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Crew members are scheduled for two hours of physical activity six days a week, with 

some of that time including preparation and clean-up.  In order to improve the efficacy of 

exercise countermeasures, the NASA Integrated Resistance and Aerobic Training Study (Sprint) 

is looking at how to optimize workout regimes utilizing high intensity exercise on both the 

ARED and treadmill [22], however the ability to regularly and readily monitor the impact on 

bone health is not available.  A means to readily evaluate the mechanical stimulus delivered 

during new workout regimes would enable researchers with a real-time feedback loop to better 

understand the loads crew members are experiencing, thus allowing them the opportunity to 

adapt exercise plans throughout missions. 

In addition to the ability to monitor activity in microgravity, more research needs to be 

done to understand and quantify the effect of impact on bone in order to better inform exercise 

prescriptions both on Earth and in space related to bone health.  Specifically, the number of 

impacts, the minimum threshold required, and the duration of rest between series of impacts need 

to be better defined.  Once a well-established standard has been developed, flight surgeons and 

trainers can better define what specific exercises, intensities, and durations of those exercises, are 

needed in order to protect crew members against bone loss in microgravity. 

 

Chapter 3. OBJECTIVES, AIMS & HYPOTHESES  

With the knowledge that peak ground reaction forces, peak loading rates and peak 

acceleration characteristics are quantifiable ways to measure impacts relevant to bone health, an 

activity monitoring system has been developed.  This system records accelerations corresponding 

to impacts or loading events during physical activity and is intended for use on the International 

Space Station or for long-duration space missions to the moon or Mars.   

In order to validate the activity monitoring system, a series of experiments were 

conducted in various 1g and simulated reduced gravity environments over the four-phase 

NSBRI-funded study “Monitoring Bone Health by Daily Load Stimulus Measurement During 

Lunar Spaceflights.”  Throughout the study, operational test experiments, consisting of subjects 

performing a series of physical locomotor activities, were conducted in three specific gravity 

environments:   

 

http://wizfolio.com/?citation=1&ver=3&ItemID=2898&UserID=5029&AccessCode=787057F55C1542A79ADAFA6789BC8A3D&CitationSuffix=
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(1)  The enhanced Zero-gravity Locomotion Simulator with simulated gravities of lunar 

(1/6g), Martian (3/8g) and zero gravity; 

(2) A parabolic flight allowing for lunar and zero-gravity parabolas; 

(3) 1g environment, conducted in a lab setting 

 

This Master’s thesis represents phase four of the study.  The aims for this phase are as 

follows: 

- Demonstrate the activity monitoring system in an operational, reduced gravity environment, 

such as a zero-gravity parabolic flight, with associated flight-like hardware in order to 

progress the system’s NASA Technology Readiness Level (TRL) in preparation for flight 

- Evaluate and compare force and acceleration results from within and across the various 

gravity environments to determine the methods of mechanical stimulus prediction in relation 

to bone health 

Additionally, it is hypothesized that: 

- There will exist a strong and significant relationship between accelerations recorded at the 

hip and the peak vertical ground reaction forces recorded during locomotor activities in each 

gravity condition 

- Accelerations recorded at the hip will be comparable across gravity environments for the 

same activity, allowing the evaluation of osteogenic effects of exercise in reduced gravity 

when compared to acceleration values observed to benefit bone on Earth  

 

Chapter 4. METHODS 

Testing of the activity monitoring system was completed in various gravity conditions, 

both simulated and real.  In each test, subjects were recruited to perform a series of locomotor 

exercises performed on a treadmill while outfitted with the activity monitoring system to record 

accelerations associated with their gait.  Slow running at 6 mph was the only common activity 

that was performed in all three gravity environments; slow running (6 mph) and fast running (8 

mph) were performed in both the parabolic flight and 1g experiments for comparison. 
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4.1 EQUIPMENT 

4.1.1 Activity Monitoring System 

The activity monitoring system, manufactured by ZIN Technologies (Cleveland, Ohio), 

consists of two sensors, each housing a tri-axial accelerometer (+/- 12g), a tri-axial rate gyro (+/- 

2000
o
/sec) and a Bluetooth transmitter.  The overall dimensions of each sensor are 40 mm x 22 

mm x 12 mm with a packaged mass of 21 grams, including the battery.  The sensor shown in 

Figure 6 is a second-generation device with a sampling frequency of 512 Hz, whereas the first 

generation sensors had a sampling frequency of 256 Hz.  The first generation sensors were used 

in the eZLS experiment; the second generation sensors were used in the parabolic and 1g 

experiments.   

 

 

Figure 6  Activity monitoring sensor 

  

4.1.2 Force Plate / Data Collection 

In two of the experimental conditions, force data were collected via a force plate (Kistler, 

Amherst, NY) mounted beneath a treadmill belt.  The sampling frequencies for both treadmill 

force plates were 1000 Hz.  It should be noted that when the term “vertical GRF” is used in 

reduced gravity concepts, the “vertical GRF” is referring to the reference plane normal to the 

treadmill belt surface and in line with the subject’s coronal plane.   

4.1.3 Compact Subject-Load Device 

The C-SLD is a device designed at the NASA Glenn Research Center in Cleveland, Ohio by ZIN 

Technologies.  The device provides a gravitational replacement load for use on the eZLS 

10 mm 

mm 
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treadmill, or future use on a treadmill on the International Space Station.  The C-SLD provides 

load to a subject by placing a small air cylinder in between the attachment points on the subject’s 

harness and the attachment points on the treadmill.  The force applied to the subject is varied via 

a fluid handling system which adjusts the pressure in the cylinders.  The air in the cylinders is 

supplied using a high pressure nitrogen supply bottle which is separate, but connected via a fluid 

line, from the SLD harness configuration.  The load force can be varied from 40 to 225 pounds 

based upon inputs supplied by a LabVIEW program to obtain the preferred load setting. 

4.2 ENHANCED ZERO-GRAVITY LOCOMOTION SIMULATOR 

 

The first of the three gravity environments was conducted in simulated reduced gravity 

on the enhanced Zero-gravity Locomotion Simulator (eZLS) at the NASA Glenn Research 

Center in Cleveland, Ohio.  The eZLS is a ground-based simulator developed to address 

physiological effects of microgravity on the musculoskeletal system.  The eZLS, which can be 

seen in Figure 7, consists of a vertically mounted treadmill in which subjects perform activities 

whilst being suspended horizontally via a harness, subject loading device and series of cables.  

This simulator mimics the exercise device interfaces found on the International Space Station 

and enables researchers the ability to study forces which emulate those experienced during 

exercise aboard the International Space Station. 
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Figure 7  Test subject in the eZLS at the NASA Glenn Research Center 

4.2.1 Test Protocol 

 Ten subjects (gender: 6 female/4 male, average age: 34.2, weight: 152 lbs, height: 68 

inches) were asked to perform a variety of locomotor exercises while positioned in the eZLS.  

Subjects performed the following locomotor activities in lunar (1/6g) and Earth (1g) simulated 

gravities: walking (1MPH), running (6MPH).   Ground reaction forces were measured with a 

force plate (Kistler Corp, Amherst, NY) mounted beneath the treadmill belt at a sampling 

frequency of 1000 Hz.  An activity monitoring sensor was placed in the mid-lower back.  

Acceleration data were automatically streamed from the activity monitoring system sensors to a 

computer. 

The free body diagram in Figure 8 shows the forces acting on a subject in the eZLS.  Fsss 

is the force due to the supine support system cradle suspending the subject in the vertical 

direction; W is the weight of the subject and associated hardware; FC-SLD is the force due to the 

subject load device, C-SLD; Fx is the normal force acting on the subject (in-line with the subject 

and perpendicular to the treadmill). 
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Figure 8  Free body diagram of a subject in the eZLS.  Medio-lateral loads are assumed to be 

zero. 

4.3 PARABOLIC FLIGHT 

The research team had access to a parabolic flight campaign which demonstrated the 

activity monitoring system in an operational setting with actual reduced gravity.  The reduced 

gravity experiment was conducted during a four-day parabolic flight campaign in April 2013 at 

NASA Johnson Space Center’s Ellington Field in Houston, Texas.  Each flight day consisted of 

forty parabolas flown over the course of two hours in a modified Boeing 727-200F aircraft.  Zero 

and lunar gravities were experienced.  Each parabola consisted of approximately 10-17 seconds 

of zero-gravity (0.00 g +/- 0.05 g) or 20 seconds of lunar (0.16 g +/- 0.05 g) per parabola.   

4.3.1 Subjects 

 Nine subjects (gender: 7 female/2 male, average age: 32.1, weight: 144 lbs, height: 65 

inches) were recruited to participate in the experiment. Each subject wore the activity monitoring 

system while performing a series of locomotor and exercise activities on a treadmill during the 

flights.  Two subjects were tested for two days each, with a primary back-up subject serving as a 

test operator in the event of motion sickness which can occur on parabolic flights.  All subjects 

were required to pass an Air Force Class III physical exam, meet the subject requirements as 

determined from a health history questionnaire and sign an informed consent document.  The use 
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of human subjects for this experiment was approved by the University of Washington’s 

Institutional Review Board (IRB) and the Johnson Space Center’s Committee for the Protection 

of Human Subjects (CPHS). 

4.3.2 Experimental Setup 

During the parabolic flight campaign, nine test subjects performed a series of locomotor 

activities with the activity monitoring sensor positioned on the mid-lower back of each subject. 

The sensor was secured in the pocket of an elastic running belt and positioned in the middle of 

the back, beneath the iliac crest near the L5 vertebra and can be seen on a subject in Figure 11.   

The belt was tightened as much as possible, without causing discomfort, to maintain contact with 

the subject in order to reduce vibration.  An instrumented treadmill was mounted to the surface 

of the aircraft with a frame on the top surface with a cut-out of the ISS treadmill belt dimensions. 

Subjects wore harnesses similar to those worn by crew members during exercise aboard the ISS 

and were secured to the surface of the treadmill via the Compact Subject Load Device (C-SLD) 

to provide loads similar to those experienced on Earth.   
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Figure 9  Subject running on a treadmill in zero gravity with a 1 body weight (1 BW) load 

applied via the C-SLD and harness system during a parabolic flight 

4.3.3 Test Protocol 

Baseline data were collected on all subjects in a 1g environment prior to each subject’s 

respective flight.  The baseline data included the subject’s weight and acceleration data collected 

during trial runs to help familiarize the subjects with the exercise activities and hardware.  Hip 

accelerations were recorded for slow running (6 mph) and fast running (8 mph). 

The free body diagrams shown in Figure 10 show the forces involved in simulated and 

real gravity condition scenarios during parabolic flight.  Fy is the normal force acting on the 

subject in the vertical direction (in-line with the subject and perpendicular to the treadmill);  

FC-SLD is the force due to the subject load device; WL is the weight of the subject in lunar gravity. 
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Figure 10  Free body diagram of a subject in parabolic flight.  Image on left shows the forces 

acting on a subject exercising in zero gravity with a subject load device applied with either a 1g 

or lunar (1/6g) load.  The image on the right shows the forces acting on a subject exercising in 

lunar gravity, with no subject load device applied.  Medio-lateral and antero-posterior loads are 

assumed to be zero. 

4.3.4 Data Collection 

Acceleration data from the activity monitoring system sensor were streamed onto two 

laptop computers via Bluetooth and recorded through a customized MATLAB code.  High-speed 

video recorded the sagittal plane of the subject while performing activities on the treadmill.  Any 

anomalies with the test trial were also recorded on an Excel spreadsheet. 

4.4 1G EXPERIMENT 

The last test environment was a 1g lab test experiment conducted at the Computational, 

Robotics & Biomechanics laboratory in the University of Washington’s Department of 

Orthopaedics in Seattle, Washington.   
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4.4.1 Subjects 

 A total of nine subjects (average age: 27.2, weight: 135.4 lbs, height: 65 ins) were 

recruited for this study.  All subjects were healthy female distance runners and completed a 

health history questionnaire that was reviewed with an approved researcher prior to the study to 

determine eligibility.   

4.4.2 Experimental Setup & Protocol 

All subjects were outfitted with the activity monitoring system sensor positioned on their 

mid-lower back. The sensor was secured in the pocket of an elastic running belt and positioned 

in the middle of the back, beneath the iliac crest near the L5 vertebra, shown in Figure 11.  The 

belt was tightened as much as possible to maintain contact with the subject in order to reduce 

vibration.   

After familiarization with equipment and test protocol, subjects performed one-minute 

trials of slow running (6 mph), and fast running (8 mph) on a treadmill.  Three hops were 

performed prior to each trial in order to synch the force sensor and accelerometer by a single 

event for post-collection analysis.  Each subject’s weight was also recorded on the treadmill prior 

to the exercise trials.   

The free body diagram shown in Figure 12 shows the forces involved in simulated and 

real gravity condition scenarios during parabolic flight.  Fy is the normal force acting on the 

subject in the vertical direction (in-line with the subject and perpendicular to the treadmill); WL 

is the weight of the subject. 
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Figure 11 Subject shown on treadmill wearing accelerometer in the mid-lower back; orientation 

of the sensor axes for both the 1g and parabolic flight are shown to the right of the subject in red 

 

 

 

Figure 12  Free body diagram of a subject in the 1G experiment.  Medio-lateral and antero-

posterior loads are assumed to be zero. 
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4.4.3 Data Collection 

Acceleration data from the activity monitoring system sensor was streamed onto a laptop 

computer via Bluetooth and recorded through customized MATLAB code.  Vertical GRF data 

were also recorded real-time with LabVIEW and saved after each activity trial.   

 

4.5 DATA ANALYSIS 

4.5.1 Reading in the Signals 

A customized MATLAB (version R2012b, Mathworks, Natick, MA) graphical user 

interface was developed to read in the various force and acceleration signals from all three 

environmental test experiments.  This program was also used to filter and analyze the data.  

Fourth order zero-phase Butterworth digital filtering was performed on acceleration datasets in 

the 1g and parabolic flight experiments, with a cutoff frequency of 255 Hz.  The sensor used in 

the eZLS experiment has a sampling frequency of 256 Hz, versus 512 Hz for the sensors used 

during the parabolic and 1g experiments.   

For the acceleration data from the 1g environment experiment, a 1g baseline was 

subtracted from both the vertical and resultant accelerations, independently.   

Figure 13 shows the GUI created to read and process the various experimental signals.  

Data calculated in the GUI were automatically recorded into a Microsoft Excel spreadsheet for 

post-processing comparisons.  The GUI was designed to automatically detect peaks after a 

threshold was identified as a result of user input.  Using the plot’s x-axis coordinate 

corresponding to a peak as a reference point, the average distance between peaks, a pre-defined 

slope threshold value, along with the peak value itself  were used to determine the average area, 

maximum peak value, slope and energy associated with each peak.  Standard deviations were 

also automatically computed.  It should be noted that the smaller plot in the upper right-hand 

corner of the GUI is only for qualitative comparison.  To ensure that the average values 

calculated in the bottom plot made sense and captured representative information, the user has 

the option to hand-select a representative peak from the desired data set and hand-select the slope 

start and end points for that single peak.  The values for a single peak were recorded in an Excel 

file, but not used for analysis.   
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Figure 13  Custom MATLAB GUI used for data analysis showing an acceleration signal and the 

associated calculations performed on the data set. 

4.5.2 Analyses and Calculations Performed 

Characteristics of acceleration peaks corresponding to impacts, which have been 

suggested to be osteogenic [13] were calculated for the 1g test data.  The characteristics analyzed 

were: average peak, slope, positive area, and positive energy, and computed as shown in Table 3 

and Figure 14.  The threshold for acceleration used for calculations was 0.3g as utilized in a prior 

study analyzing the same acceleration characteristics [11].    

Table 3 Acceleration peak characteristics analyzed 

Peak Characteristic 

Analyzed 
Equation Units 

Peak Magnitude 
     g 

Slope 
  

  
 
                

  
 

 

  
 

Area   ∫  ( )  
  

  

 
 

 
 

Energy   ∫   ( )    
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Figure 14  Acceleration peak showing aspects used for calculations; t1 is the time the peak 

crosses the threshold; t2 the time of maximum acceleration and t3 the time the signal returns 

below the threshold  

When force readings were recorded, average peak and peak loading rates were computed 

as listed in Table 4.  The peak loading rate was taken from a trigger threshold of 25N to the first 

peak of the GRF corresponding to the initial impact peak; a force peak showing the relevant 

aspects used for calculations can be found in Figure 15.   

Table 4  Force variables analyzed 

Force Variables Analyzed Equation Units 

Peak Vertical Force       N 

 

Peak Force Loading Rate 

 

  

  
 
                                

  
 

 

 

 
 

 



36 

 

 

Figure 15 Vertical ground reaction force peak showing aspects used for calculations of the peak 

vertical GRF and the peak loading rate 

 

4.5.3 Regression Analysis 

Simple linear regression analysis was completed in Microsoft Excel (2010) on 

comparable data sets to explore the hypothesis that a positive relationship exists between the 

peak vertical ground reaction force and acceleration data.  Alpha was set at 0.05 for all analyses.  

A net force (Fpredicted) from the accelerometer measurement was calculated in both the eZLS and 

1G environments using the sensor acceleration (in m/s
2
) according to the free body diagrams and 

equations in Figures 16 and 17, respectively.  For the eZLS, the total mass includes both the 

subject’s mass and the mass of the eZLS equipment including the harness, helmet, cradle, and 

cuffs, with a total additional mass of 10.01 kg.  For the 1G experiment, gravity is subtracted from 

the acceleration recorded by the sensor for both the vertical and resultant accelerations  

(e.g. ay = ay(measured) - 1). 
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Figure 16  Free body diagram and associated formulas used for the eZLS experiment.  Fx is the 

force predicted from acceleration measurements that can be validated by direct GRF 

measurements.   

 

 

 

 

                

                                

Figure 17 Free body diagram and associated formulas used for the 1G experiment.  Fy is the 

force predicted from acceleration measurements that can be validated by direct GRF 

measurements.   
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Chapter 5. RESULTS 

The activity monitoring system performed well in all three test experiments: accelerations 

were successfully collected wirelessly in real-time and no data packets were lost during 

Bluetooth transmission for the duration of the experiments.   

5.1 PEAK ACCELERATIONS IN ALL GRAVITY CONDITIONS 

Average resultant and vertical peak acceleration data for each test environment and 

activity are presented in Table 5.  All activities compared were performed in a 1g environment or 

simulated Earth gravity with a 1 body weight (BW) load applied to the subject via the C-SLD.  

Peak accelerations at the hip varied significantly between the experimental conditions, despite 

the attempts to apply the same load to the subject.  When comparing the same activity, the 

resultant accelerations were the lowest (0.76 g for slow running) in the eZLS experiment, and 

highest in the 1g environment (3.8 g for slow running).  All peak acceleration values increased 

with increased locomotion speed.  Figure 19 shows the average peak resultant accelerations and 

respective standard deviations for comparison.  

Table 5 Average peak acceleration values for activities performed in simulated or actual 1g 

environments (vertical acceleration / resultant acceleration, in g’s) 

Activity eZLS 

(n=10) 

Parabolic Flight 

(n=9) 

1G 

(n=9) 

Running 6 mph 0.94 / 0.76  1.6 / 3.0 3.5 / 3.8 

Running 8 mph - 1.7 / 3.5 3.8 / 4.2 
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Figure 18  Comparison of average peak resultant accelerations for slow running in a 1g 

condition (eZLS and the parabolic flight simulated 1g with the aid of the C-SLD) 

5.2 PEAK FORCE RESULTS 

Average peak force data were collected for each test environment and activity are 

presented in Table 6.  The activities were performed in a 1g environment or simulated Earth 

gravity with a 1 body weight (BW) load applied to the subject via the C-SLD.  Figure 20 shows 

the average peak vertical GRFs for slow running (6 mph) in the eZLS at a 1g load and in the 

actual 1g experiment (force displayed is normalized to BW).   

Table 6  Average peak vertical GRF values (in body weights) for activities performed in 

simulated or actual 1g environments 
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Figure 19  Comparison of measured ground reaction force (in BW) between slow running at 6 

mph in simulated 1g in the eZLS and 1g in the lab 

 

5.3 EZLS FORCE VS. ACCELERATION 

The average peak resultant acceleration for slow running was 0.76g, significantly less 

than the values found in the 1g and parabolic experiments (a = 3.8g, a = 3.0g, respectively).  The 

eZLS average peak force reading for slow running (F = 2.1BW), however, was comparable to the 

GRFs experienced in true 1g (F = 2.3 BW). 

5.4 PARABOLIC FLIGHT ACCELERATIONS 

For the parabolic flight, average peak vertical and resultant accelerations were calculated  

and are listed in Table 5.  Additionally, subjects ran (6 mph) in both simulated lunar gravity (a 

zero gravity condition with a 1/6g load via the C-SLD) and in “true” lunar gravity (1/6g gravity 

parabola) with no subject load device.  The vertical and resultant hip acceleration signals 

corresponding to these two scenarios for a single subject are shown in Figures 20 and 21, 

respectively.   
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Zero Gravity Parabola – 1/6g C-SLD Load 

Average peak vertical acceleration = 0.30g 

 

Lunar Gravity Parabola – No C-SLD Load 

Average peak vertical acceleration = 0.68g 

Figure 20 Comparison of slow running for the same subject in a zero gravity condition with a 

lunar load applied, and a “true lunar” gravity with no subject load applied.  Signals shown are 

vertical accelerations at the hip. 
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Zero Gravity Parabola – 1/6g C-SLD Load 

Average peak resultant acceleration = 0.52g 

 

Lunar Gravity Parabola – No C-SLD Load 

Average peak resultant acceleration = 0.90g 

Figure 21 Comparison of slow running for the same subject in a zero gravity condition with a 

lunar load applied, and a “true lunar” gravity with no subject load applied.  Signals shown are 

resultant accelerations at the hip. 

 

5.5 1G ACCELERATION ANALYSIS 

Acceleration peak characteristics calculated for the 1g experimental study can be found in 

Table 6.  When comparing the vertical acceleration values to the values of acceleration peak 

characteristics presented by Heikkinen et al. in Table 1, the only characteristic meeting the 

determinant threshold for improving BMD was the acceleration slope, with values for slow and 

fast running greater than 1000 m/s
3
.  
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Table 7  Average acceleration peak characteristic values for activities performed in true 1G 

environment.  The signal characteristic thresholds as identified in [11] are also included for 

comparison 

Activity 
Peak 

Accel 

(g) 

SD 
Slope 

(m/s
3
) 

SD 
Area 

(m/s) 
SD 

Energy 

(m
2
/s

3
) 

SD 

Characteristic Thresholds >3.9  >1000  >2  >75  

Vertical         

Run (6 mph) 3.51 0.49 1370* 412 1.72 0.093 57.9 7.02 

Run (8 mph) 3.80 0.60 1470* 503 1.72 0.099 60.9 8.45 

Resultant         

Run (6 mph) 3.84 0.50 715 214 2.33 0.14 53.1 7.00 

Run (8 mph) 4.20 0.54 795 280 2.46 0.16 62.0 8.33 

*vertical acceleration peak characteristic value above threshold for improving BMD at the hip  

 

5.6 CORRELATIONS 

5.6.1 eZLS Correlations 

Regression analysis was conducted on the eZLS force and acceleration data between peak 

acceleration and peak vertical ground reaction force (α = 0.05).  A strong and significant 

correlation exists between the predicted vertical ground reaction force (as calculated using the 

vertical acceleration), and the recorded GRF for slow running (r = 0.87, p < 0.001) and walking 

(r = 0.98, p < 0.0001).  A strong or significant relationship between the peak vertical acceleration 

and peak vertical ground reaction force did not exist.  Figures 22 and 23 show the relationship 

between the peak vertical GRF and predicted peak force as calculated from the vertical 

acceleration, previously explained in section 4.5.3. 

 

 

 

 

http://wizfolio.com/?citation=1&ver=3&ItemID=295&UserID=5029&AccessCode=27EF22563E344D72A8D627273F8197B0&CitationSuffix=
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Table 8 Relationships between peak vertical ground reaction force and peak vertical acceleration 

in eZLS for activities performed with a simulated 1g load 

Vertical Acceleration 
Walking (1mph) Running (6mph) 

R p-value R p-value 

Peak Acceleration 0.44 0.21 0.17 0.64 

Predicted Force from Acceleration 0.98 <0.0001 0.87 0.001 

 

 

 

Figure 22 Correlation between recorded vertical GRF force and the predicted vertical GRF using 

vertical accelerometer data.  Data shown are walking (1 mph) in the eZLS 
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Figure 23 Correlation between recorded vertical GRF force and the predicted vertical GRF using 

vertical accelerometer data.  Data shown are running (6 mph) in the eZLS 

5.6.2 1G Correlations 

Regression analysis (α=0.05) was also conducted on the 1G data sets looking for a 

correlation between ground reaction force variables: peak vertical GRF and peak loading rate, 

and acceleration variables: peak acceleration and slope.  Correlations between the GRF and 

acceleration variables are seen in Table 9.   

The most significant relationship between acceleration and vertical GRF is when the 

vertical GRF is predicted using the acceleration of the subject and the force due to gravity 

(equation 5.4.2).  A very strong (r > 0.79) and significant (p < 0.01-0.05) correlation was found 

for fast and slow running, using either resultant or vertical accelerations.   

Positive relationships were also found to exist between vertical GRF and peak 

acceleration (r = 0.66 – 0.73 ; p-value < 0.055), as well with peak acceleration slope (r = 0.61-

0.75) for both slow and fast running.   
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Using acceleration to predict force loading rate for slow running did not appear to have a 

significant correlation (p = 0.081 – 0.55); the predictions from acceleration for fast running (r = 

0.47 - 0.61) had a more positive correlation, but not significant (p = 0.081 – 0.20). 

 

Table 9  Relationships between peak vertical ground reaction force and force loading rate and 

accelerations 

 

Acceleration or Predicted 

Force from Acceleration 
Run (6 mph) Run (8mph) 

                  Vertical Ground Reaction Force Correlations 

 R p-value R p-value 

Resultant peak (g) 0.73 0.026 0.67 0.048 

Vertical peak (g) 0.73 0.026 0.66 0.055 

Resultant slope (m/s
3
) 0.75 0.020 0.69 0.038 

Vertical slope (m/s
3
) 0.71 0.032 0.61 0.079 

Resultant predicted force (N) 0.82 0.007 0.80 0.009 

Vertical predicted force (N) 0.82 0.007 0.79 0.011 

                            Peak Force Loading Rate Correlations   

 R p-value R p-value 

Resultant peak acceleration (g) 0.23 0.55 0.55 0.12 

Vertical peak acceleration (g) 0.27 0.49 0.55 0.13 

Resultant slope (m/s
3
) 0.34 0.37 0.47 0.20 

Vertical slope (m/s
3
) 0.26 0.50 0.61 0.081 

 

 

Chapter 6. CONCLUSIONS & DISCUSSION 

6.1 EZLS 

As seen in Figure 18 of the Results section, the resultant acceleration recorded for a 

subject running with a 1g simulated load had a much lower acceleration than a true 1g gravity 

condition.  This could be due to the setup of the simulator.   The associated hardware required to 

emulate a zero gravity environment may negatively influence gait by damping the horizontal 

excursion of the subject.   The sagging and/or tilt of the subject’s pelvic region (and therefore the 

orientation of the sensor) in the eZLS also may be influenced by this hardware.  Similar to a 

mass-spring-damper system, the Supine Support System (SSS) holding the subject horizontal 

appears to restrain torso motion and may be acting like a pendulum to damp the horizontal 

excursion, and therefore acceleration recorded on the hip sensor.   
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This situation is analogous to a stationary leg press where the pelvis, torso and upper 

extremity are relatively stationary with little to no acceleration at the hip versus free-weight squat 

exercises where there is vertical excursion and thus acceleration at the hip. 

Additionally, it was initially overlooked that the mass of the subject in the eZLS would 

be significantly different than the subject by his or herself due to the simulator setup.  The total 

mass was then calculated to include the following equipment: cradle, harness, helmet, and cuffs, 

which have a total mass of 10.01 kg.  This amount accounts for an additional 10-20% of the 

initial mass of the subject and certainly influences acceleration values recorded at the hip, 

however, it is only a fraction of the difference and does not fully explain the differences. 

The hypothesis that there exists a significant relationship between acceleration at the hip 

and vertical ground reaction forces was found to be true when using the vertical acceleration to 

predict the ground reaction force in the eZLS.  While the acceleration value itself may not have 

value in reference to GRFs, using it to predict GRF showed strong promise based on correlation 

values. 

6.2 PARABOLIC FLIGHT 

The average peak accelerations (both resultant and vertical) were higher for the true lunar 

gravity than with an applied lunar load.  This also suggests that the subject load device is 

influencing the values recorded at the hip activity monitoring sensor.   

The resultant hip accelerations observed during lunar gravities in the parabolic flight 

experiment (with no subject load device applied to the subject) exhibit the same characteristics as 

those observed in 1g activities.   There was a significant difference between the vertical and 

resultant accelerations recorded during parabolic flight.  The recorded average peak vertical 

accelerations were approximately half of the average peak resultant accelerations suggesting that 

the subject has significant acceleration in other axes in addition to the vertical axis.  This could 

be due to the lack of total body and body segment control during locomotion in reduced gravity 

and it is therefore recommended that resultant acceleration be used when recording accelerations 

in reduced gravity environments to best capture motion corresponding to impacts. 

While the parabolic flight accelerations were recorded, analyzed, and compared to values 

associated with activity beneficial to bone, this provides little insight into the verification of 

these accelerations reflecting targeted GRFs.  In order to have more confidence in acceleration 
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values recorded at the hip during exercise in microgravity and their relationship to GRFs, further 

studies should be conducted involving the use of a force plate in order to  confirm a relationship 

between these accelerations and vertical GRFs.   

6.3 1G LAB EXPERIMENT 

 Referring back to the first hypothesis, the regression analysis revealed that a positive and 

significant relationship exists between accelerations and vertical GRFs and offers insight into 

which variable of acceleration one should chose to further develop the relationship to predict 

GRFs.   

For the comparison of peak signal accelerations, it should be noted that the peak 

acceleration signal characteristics were computed for both resultant and vertical accelerations in 

1g for this study, but only the vertical accelerations were able to be compared to previous values 

determined to be beneficial for bone health at the hip as the values Heikkinen et al. reported only 

correspond to vertical acceleration peaks [4].  It is unknown whether or not these same values 

would apply to resultant accelerations and this could be explored further to eliminate uncertainty 

in sensor orientation during ambulatory movement. 

For a given activity and environment, only some of the acceleration peak characteristics 

had values with osteogenic implications.  While some of the characteristics for a particular peak 

had values above the threshold which results in osteogenic benefits, not all did (e.g. a peak might 

only have an acceleration slope corresponding to an osteogenic value, whereas its energy 

calculation was below that of an osteogenic energy value).  Whether or not these findings are 

unique to this study is unknown upon review of the literature.   

6.4 ACTIVITY MONITORING SYSTEM 

Because accelerations are measured in the local coordinate system of the sensor, this has 

implications for peak value error in a specific axis as the orientation of the sensor may change 

with tilting of the pelvis or torso.  This is of particular significance for the eZLS and parabolic 

experimental trials as movement during locomotion was observed in all three axes.  Sagging and 

varying pitch of the low-back and pelvic region occur in the eZLS, which would affect the sensor 

orientation.  To eliminate the need to calculate error in rotation of the sensor during locomotion, 

both vertical (horizontal, corresponding to the vertical acceleration of the subject, in the eZLS) 
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and resultant accelerations were recorded and analyzed in order to eliminate the need to correct 

for any sensor orientation changes during gait.     

Additionally, fixation of the sensor was shown to affect the output acceleration signal; the 

clarity of the acceleration signal was significantly increased when the sensor was more securely 

fixed to the subject.  The tight fixation of the sensor to the subject helps minimize the visco-

elastic effect of tissue between the sensor and bone.  When using an externally mounted sensor, 

the signal can never be truly representative of the acceleration (unless it were directly mounted to 

the bone of interest), and thus it is essential to ensure the sensor is as tight as possible without 

causing discomfort.    

6.5 SUMMARY 

The activity monitoring system has been demonstrated in an operational and flight-like 

setting to successfully record accelerations during exercise in microgravity.  The data presented 

in this thesis are promising: aside from having the ability to compare acceleration levels to 

published standards with implications for bone health, the activity monitoring system has also 

demonstrated that accelerations recorded at the hip have a strong relationship with vertical 

ground reaction forces, providing additional factors of evaluation for the development of more 

robust algorithms.  The small package size, wireless Bluetooth capability and ability to be 

unobtrusively worn during exercise or activities of daily living make the activity monitoring 

system appealing not only for use in space exploration, but also here on Earth.  Athletes, physical 

therapy rehabilitation patients, and the elderly population at risk for bone-related ailments may 

benefit from using these accelerometers.    

The regression analysis data from the 1g and eZLS experiment confirm the hypothesis 

that there does indeed exist a significant relationship between acceleration recorded at the hip 

and peak vertical GRF for running.  In regards to the second hypothesis, however, it was 

observed that the accelerations across all three gravity conditions are not directly comparable, 

making it difficult to develop osteogenic standards of evaluation when compared to studies 

performed on Earth. 

 Looking forward, it is suggested that more locomotor and exercise studies utilizing the 

activity monitoring system be conducted in order to expand the current knowledge base and data 

supporting activity beneficial to bone health.   Further research studies should be conducted with 
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larger and more diverse subject pools to include the male population, increased age ranges, and 

subjects with varying levels of physical activity.  The activity monitoring system may finally 

enable the research community to develop standard methods to describe physical activity in 

relation to bone health as a result of raw acceleration.   
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APPENDIX A: EZLS SUBJECT CONSENT FORM 
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APPENDIX B: PARABOLIC FLIGHT SUBJECT CONSENT 

FORM 
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APPENDIX C: 1G SUBJECT CONSENT FORM 
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