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Abstract 

Christine Marie Dailey 

Physiological deconditioning is a critical problem in space, especially during 

long-term missions. Resistance exercise coupled with lower body negative pressure 

(LBNP) has been shown to be effective in counteracting some of the deconditioning 

related problems. This thesis describes the development of a compact and effective 

resistance exercise machine that works within an existing environmentally controlled 

LBNP Box and is designed to simulate both exercise and sitting, to prevent 

microgravity-induced deconditioning by simulating physiological and biomechanical 

features of upright exercise and daily activities. Theoretical calculations are carried out to 

determine whether kinematics, musculoskeletal loadings, and metabolic rate during 

supine exercise within the existing LBNP Box are similar to those of an upright posture in 

Earth gravity (1G). Preliminary results show subjects that use the resistance machine 

presented in this thesis will be able to elicit loads comparable to exercise on Earth, since 

the ground reaction forces (GRF) are greater than their body weight (BW). The largest 

single-leg forces during resistance exercise are 1.16 BW (232lbs) during supine position 

when γ, the angle between the horizontal and the ground pivot on the right side of the 

mechanism, equals 187 degrees and minimal at 0.68 BW (136lbs) when γ equals 177 

degrees. At the lowest setting of the machine, peak resistance of the foot pedal during the 
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outward stroke is 196 lbf. This force, added to the force due to the 50 mmHg of negative 

differential pressure, gives a total force of 400 lbf, which is 2 BW. 

The results suggest that this machine can be used to collect and establish a 

database under both terrestrial conditions and microgravity environments such as the 

International Space Station to enhance medical researchers’ understanding of how LBNP 

paired with exercise impacts osteoporosis, orthostatic intolerance and cardiovascular 

health. The combination might also be used to enhance rehabilitation protocols. 
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Chapter 1 

Introduction 

Gravity has had an integral effect on the development of life on Earth over millions of 

years and has shaped the anatomy and physiology of human beings. Exposure to 

microgravity has been shown to affect the body, causing it undergo a reduction in heart 

size and blood volume, impaired balance control, changes in nervous system sensitivity, 

decreases in bone and muscle mass, and reduction of the immune function. Astronauts in 

space during short or long-term missions have demonstrated these physiological 

changes, known as space deconditioning, which may lead to undesirable health 

consequences and to operational difficulties, especially during emergency situations.  

With the recent advent of space tourism and with longer space missions planned, 

greater numbers of astronauts will work and live in low-gravity environments, and the 

need to understand the in-flight and post-flight consequences of this will become more 

significant. The physiological adaptations are less problematic in space, but are more 

pronounced after a return to Earth. The mechanical unloading affects the musculoskeletal 

system even in short-duration space flights. It has been reported that after only 2 weeks in 

space, muscle mass can decrease by 20%. For missions of 3-6 months this can rise to 

30%, especially affecting postural muscles [7]. The decrease in bone mass is also of 

great concern to space physiologists and physicians, as the normal processes of bone 
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formation and resorption are disturbed, favoring a loss of bone tissue [2]. This process 

begins almost immediately upon introduction into microgravity, and can range between 

1% and 2% of bone mass loss per month [6]. One of the first responses to space flight is 

the shift of blood and body fluids towards the upper body, with subsequent adaptations 

occurring over a few days to lower overall blood volume through activation of several 

mechanisms [3]. It is upon return to Earth that the cardiovascular deconditioning raises 

concerns by producing significant orthostatic intolerance and decreasing aerobic 

performance [5].  

Many different types of countermeasures have been developed, ranging from 

specific diets to heavy exercise protocols that must be performed daily by the astronauts 

during a space mission. Ideally, the best way to counteract consequences of space 

deconditioning would be the use of artificial gravity through centrifugation or other 

biomechanical stressors for periods of time during microgravity exposure.   

Among the countermeasures currently under testing, daily exercise in space 

seems to be the most complete, because it prevents bone demineralization, muscle loss 

and cardiovascular deconditioning. The effectiveness of exercise protocols and 

equipment for astronauts in space, however, are unresolved and still under discussion. 

Studies indicate that all exercise in space to date has lacked sufficient mechanical and 

physiological loads to maintain preflight musculoskeletal mass, strength, and aerobic 

capacity [4, 9, 16, 17]. Recently, researchers have been pairing exercise with LBNP. The 

LBNP Box is a sealed chamber into which the human subject is partially inserted. A seal 

near the waist allows a vacuum to be applied to the chamber, thus creating a lower 

relative pressure on the subject's lower body. This lower pressure helps pull bodily fluids 
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toward the feet.  

Combining the resistive force from exercise and a uniformed pressure distribution 

to the lower extremities has shown to be an efficient solution for counteracting 

microgravity-induced deconditioning during terrestrial testing. The most recent study of 

the addition of a treadmill to an LBNP Box has demonstrated that it is able to simulate 

physiological and biomechanical features of upright exercise [22]. However, its 

mechanical design lacks mobility and is both large and heavy, making it unsuitable for 

space flight.  

The research presented in this thesis offers as an alternative to the treadmill. The 

purpose was to design a lightweight, compactable exercise machine combined with a 

collapsible chair that could be easily integrated into a smaller, existing LBNP Box. The 

machine is to offer a constant load path to maintain compressive loads on the 

musculoskeletal system and aid to the human body as much as possible. The human 

body is a highly nonlinear mechanical device from the standpoint of generating forces 

over a given cycle of motion. The exercise known as a leg press is a good example of this. 

Figure 1 shows the human strength curve for the leg-press exercise. This is a plot of the 

maximum force a user can produce at each point in the outward cycle of a leg press. Not 

surprisingly, we are able to generate far more force at the extreme position (when the 

knee joint is at full extension) than when the knee is sharply bent.  
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Figure 1. Shows the human strength curve for an outward stroke of a leg-press exercise; 

force in magnitude versus degree in stroke. Additional information of this graph is 

provided in reference [19]. 

Mechanical work and physiology stress in the muscles will be nearly optimized 

when the resistance provided by a machine most nearly matches this strength curve [22]. 

The resistance curve should match the human strength curve for optimal efficiency in 

strengthening muscle and stressing bone. Although the strength curve varies from user to 

user, the general shape of the curve is approximately maintained.   

Our goal in designing the alternative system was to match the resistance provided 

by the machine with the human strength curve in a leg press exercise. This requires an 

adjustable level of resistance that will lead to a vertical shift in magnitude of resistance 

while keeping the general shape of the curve to accommodate each user. In this thesis, 

the alternative machine is referred to as a multi-platform. The multi-platform is to be a 

compact system that offers a constant load path throughout the cycle, and is to conform to 

the most natural movement of the human body as possible. The design was driven by 

both the dimensions of an existing LBNP Box and by the average size astronaut. 
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Averaging the size and weight of astronauts allowed for an initial range of resistance the 

multi-platform would impose on the user to simulate forces equal to one or more of their 

BW.  

Method 

A 3-D SolidWorks model of the multi-platform is shown in Figure 2 (right). The integrated 

system, the multi-platform and the existing LBNP Box, is shown in Figure 2 (left) where 

the brown-colored links simulate human legs and feet. The green and red tubes represent 

cooling ducts that provide an environmentally controlled atmosphere. The system will 

stress the lower extremities of the human body by providing both a resistance force due to 

the exercise machine and a pressure force caused by the LBNP Box. In combination, 

these forces counteract the deleterious effects of microgravity-induced syndrome.  

 

 

 

 

Figure 2. left, displays the Exercise equipment paired with an existing environmentally 

controlled LBNP Box. Right, displays a 3-D CAD model of the multi-platform device. 
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Four-bar linkage in conjunction with coil spring and damper 
system 

Kinematics 

Classic techniques in kinematics were used to design and optimize the geometry and 

resistance which would produce desirable motion and force properties. As shown in 

Figure 3, if a force is applied by the user to the foot pedal, the parallelogram linkage will 

guide the foot pedal along a circular-arc path at a fixed angle relative to the frame of the 

machine. This is important for maintaining a generally perpendicular relationship between 

the lower leg and the foot. Applying forces in this manner to the musculoskeletal system is 

believed to be one of the most efficient ways to counteract osteoporosis [20]. 

 

  

Figure 3. (left), 2-D sketch of a four-bar parallelogram paired with a sliding crank 

mechanism. The sliding crank is a spring and damping system that offers a variable 

resistance. Figure 4. (right), A photograph of the first prototype which was TIG welded out 

of sheet aluminum alloy and served as a rapid mock-up of the 3-D CAD model shown in 

Figure 2 to ensure the idea was practical. 

Referring to Figure 5, loop closure, Equation 1, and velocity loop, Equation 2, will 
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yield the position, s, and velocity, s-dot of the slider crank mechanism given the input 

position, θ, and velocity, θ-dot. Static resistance is dependent only on the value of θ, 

which determines the compression of the spring, and the geometry of the device. 

Dynamic resistance depends on the user’s motion profile (θ-dot). 

𝑙𝑜𝚥̂ − 𝑙1 − 𝑙2𝑒𝑗𝜃 − 𝑠𝑠𝑒𝑗𝛾 = 0                                  (1) 

𝚥̂𝑙2�̇�𝜃𝑒𝑗𝜃 − �̇�𝑠𝑒𝑗𝛾 − 𝚥̂𝑠𝑠�̇�𝛾𝑒𝑗𝛾 = 0                                  (2) 

Two different motion profiles were used to calculate the inertia and damping force. The 

first profile had constant angular acceleration of the foot pedal link to start and end the 

motion cycle and a period of constant velocity in between. The second motion profile was 

similar, but with no constant velocity motion period separating the periods of positive and 

negative constant acceleration. An electrogoniometer was used as a method in 

confirming which assumed motion profile was most accurate. The meter was applied to 

the subject’s left knee, centered directly over the rotational joint.    

   Once the position and velocity loop equations have been solved, virtual work 

can be used to find the resistive force, Fuser, as a function of position, θ, from Equation 3.  

             𝐼∗�̈�𝜃�̇�𝜃 +  𝐹𝑢𝑠𝑠𝑒𝑟�̇�𝜃𝑙3 +  𝐹𝑠𝑠𝑝𝑟𝑖𝑛𝑔�̇�𝑠   = 0                              (3)  

The inertial term in Equation 3, 𝐼∗�̈�𝜃�̇�𝜃, is based on a position-dependent equivalent inertia 

approach described in reference Suh and Radcliffe [21]. Note that the motion of the user 

is expected to be slow, so dynamic effects, including the force of the damper, are 

expected to be small. The damper is incorporated to prevent rapid movement in the event 

that the user’s foot slips off the pedal. It also helps to discourage high-speed exercise 

motion. 
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Figure 5. (left), Kinematic diagram of the mechanism in which Equations 1 and 2 are 

based. Figure 6. (right), Displays the projection of the kinematic diagram, shown in Figure 

5, onto the second prototype.  

Resistance 

A coil spring and damper system, acting as the prismatic joint in a slider-crank 

mechanism, provides resistance. Using this force-generating slider-crank system in 

conjunction with the 4-bar linkage creates a nearly optimal resistance curve that 

approximates the strength curve of the user through the range of motion, shown in Figure 

7 [15].  

         

Figure 7. (left), Multi-platform’s starting position with the spring at a resting position. 

(Right), Multi-platform’s end position with the spring fully compressed. 

This system creates the high forces and stresses needed to maintain bone density, and 

𝒍𝟐 

𝒔 

𝑭𝒖𝒔𝒆𝒓 

𝒍𝟏 

𝒍𝟑 

𝒍𝟎 

45° 45° 

125° 125° 
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optimize the cardiovascular workout. The slider-crank mechanism compresses the linear 

spring, creating an increasing resistance throughout the movement and causing the 

largest load to be applied when the user’s leg is fully extended and in turn provides the 

desired optimized profile in relation to the human strength curve. 

Resistance due to inertial forces 

The user must overcome the static spring forces, the damping forces, and the inertia 

forces generated by acceleration of the links of the exercise device. Inertia forces are 

incorporated in Equation 3 by calculating an equivalent inertia of the system, I*, that 

varies with position.  Equation 4 from reference Suh and Radcliffe shows how such an 

equivalent inertia is found. 

 1
2
𝐼∗ = ∑ 1

2
𝑚𝑖(�̇�𝑖2 + �̇�𝑖2) + 1

2
𝐼𝑖�̇�𝜃𝑖2𝑛

𝑖=1                        (4) 

   Equation 4 takes into account the mass (m) and inertia (I) of every moving link 

in the mechanism. While all links contribute to the total user force, the mass of the foot 

pedal is of special concern. Because the foot pedal is at the extreme end of link 3, it has 

the largest peak velocities and accelerations. It is also the most massive element in the 

prototype system. One goal in designing the device is to minimize inertial forces. This 

allows us to shape the static resistance curve through kinematics to be as similar to the 

human strength curve as possible. Dynamic forces will change the shape of this curve as 

a function of how rapidly the user moves the foot pedal. Further analysis will show that the 

dynamic forces can be kept small. 

Biomechanics 

GRF are created by static and dynamic loading. The forces experienced in 1G are 

due to the user’s weight (static) and the dynamic loading due to movement. To simulate 
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forces equivalent to those experienced in 1G, the GRF must be equal to or greater than 1 

BW. As shown in Equation 5, the GRF are directly related to the pressure differential force 

and the total user force applied by the user to move the foot pedal. Note that the vacuum 

feature of the LBNP Box will not be used during preliminary testing. 

              GRF = (Pressure Differential Force) +  (Total User Force)    (5)  

Equation 5 states that GRF found during exercise in LBNP while supine and in 

microgravity equals the pressure differential force plus the total user’s force. The pressure 

differential force equals the product of the body cross-sectional area (𝐴𝑥𝑦) and the 

pressure differential (∆P) across the LBNP Box, which will be assumed to equal 50 

mmHg. The total user’s force includes the inertial forces caused by the geometry of the 

exercise portion of the multi-platform and the force required to overcome the resistance of 

the coil spring and damper system. 

A two member chair serves as daily activity 

The posterior side of the lower extremities are accustomed to 2/3 BW between six and 

eight hours a day. The chair simulates this daily activity of sitting by translating a fixed 

linear force to the active areas. The force applied will be simulated from the negative 

pressure in the LBNP Box.  

As shown in Equation 6, if the subject is motionless, the Total User Force term in 

equation 5 equals zero.      

                  GRF =  Axy* ΔP                     (6)     

   The chair is adjustable in both angle and linear distance via use of quick release 

pins and a sliding member. It is easily foldable and has a resting position horizontal to the 

center bar. The chair is cushioned by foam and covered with leather allowing the user to 
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both exercise and sit comfortably. Due to time constraints the chair will not be included in 

the protocol for this study.  

Mechanical Results 

The multi-platform device was designed to accommodate the average sized astronaut, to 

be integrated within an existing LBNP Box, and to simulate responses found in both 

upright exercise and the daily activity of sitting. To collect comparable data the 

multi-platform had to go from a horizontal position within the LBNP Box to vertical position 

outside the LBNP Box and allow subjects to perform the same protocol.  

   To accommodate a wide range of users, aside from the average astronaut, the 

location of the pedal system is adjustable relative to the seat location. This is 

accomplished through the use of a sliding member that allows the user to adjust the 

position of the device along a rectangular base frame. The sliding member is easily 

adjusted over a 14 cm range by a spring-loaded knob and pin detent system shown in 

Figure 8. 

                                        

Figure 8. Shows the spring-loaded knob and pin detent system. The photograph on the 

right is the third prototype. 

To further accommodate users of different strengths, an additional adjustment has 

Spring-loaded 
knob and pin 
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been designed into the machine. This feature personalizes the device by changing the 

initial preload in the spring. The geometry of the slider-crank mechanism is changed by 

lowering the ground pivot on the right side of the mechanism, as shown in Figure 5 and 6.  

Lowering this pivot (changing the value of Lo) generally causes a vertical shift in the 

resistance curve.  

In the next design iteration, a linear actuator will be incorporated to control the 

position of the above-mentioned ground pivot. The adjustment will occur automatically 

based on the user's heart rate. The user will be required to keep a steady target HR that 

will be determined using Equation 7 and monitored throughout the workout. 

𝐻𝑅𝑡𝑎𝑟𝑔𝑒𝑡 = ((𝐻𝑅𝑚𝑎𝑥 − 𝐻𝑅𝑟𝑒𝑠𝑠𝑡) ∗ %𝑖𝑛𝑡𝑒𝑛𝑠𝑠𝑖𝑡𝑦) + 𝐻𝑅𝑟𝑒𝑠𝑠𝑡        (7) 

In this study, the spring was changed manually with the use of quick release pins.   

The integration of the multi-platform device and the existing 
LBNP Box 

The multi-platform device is manufactured to be removable, without disassembly, from 

the LBNP Box inner structure. It attaches to the trolley system, shown in Figures 9 and 10, 

making it maneuverable and easily accessible, which allows the user to adjust it to their 

personal settings outside of the LBNP Box. The parallel arms and seat collapse 

horizontally to the center bar, allowing the removal process to be quick, easy, and safe. 
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Figure 9. The left photo shows the second prototype with the chair in its upright position. 

The right photograph shows the second prototype (chair down) attached to the trolley 

which is inserted into the LBNP Box.   

Figure 10. The left photo shows final integration of the multi-platform to the existing LBNP 

Box. The right photo displays a close up of the multi-platform outside of the LBNP Box. 

The integration of the multi-platform device and the upright 
device 

The physiological and biomechanical responses of each subject will be recorded in the 

supine and upright position in order to collect comparative data. In the upright position, 

there will be no added negative pressure or suction force, only the effects of gravity. Data 

collected in upright position will be compared to data taken in the supine position. If the 
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LBNP is effective than the user forces, heart rate and expended energy should be 

comparable and similar between the two configurations. 

 

      

Figure 11. A 3-D CAD model, right, of the upright device that will support the 

multi-platform in a vertical position. The left photograph is the final integration of the 

multi-platform and the upright device. 

Theoretical Results and Discussion 

The multi-platform device was to approximate the resistance provided by the machine 

with the human strength curve in a leg press exercise shown in Figure 1. As shown in 

Figure 12, the slider-crank mechanism used in the multi-platform creates an excellent 

approximation to the human strength curve when considering only the resistance of the 

spring. By limiting dynamic forces, the results show that the overall machine exhibits an 

excellent resistance curve under typical operating conditions.  
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Figure 12. Static resistance curve on the outward stroke for the multi-platform considering 

only spring resistance.   

     The theoretical resistance provided by the multi-platform device has been calculated 

under a set of assumed conditions. This analysis uses the actual link masses and inertias 

from the prototype with the exception of the foot pedal link. In the next iteration, these 

values should be reduced. This should result in improved resistance profiles. The most 

important assumption necessary to perform a complete analysis is the user’s motion 

profile. Since the foot petals reciprocate, we know that their angular velocity will be zero at 

the beginning and end of each stroke. Velocity should ramp up to a peak somewhere 

between these endpoints. But, there is no way to precisely predict how the user will 

accelerate and decelerate. We do know from testing that a typical user moves at about 

one cycle of motion per second. The results from the two assumed motion profiles are 

shown in Figures 13 and 14. In both figures, the red curve shows the user force on the 

foot pedal due to the resistance of the spring, the green curve shows the user force on the 

pedal due to dynamic effects, and the blue curve is the net user force on the pedal 

through a 0.5 second stroke.  
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Figure 13. The first assumed profile shows a constant angular acceleration to start and 

end the motion cycle and a period of constant velocity in between.   

 

Figure 14. The second assumed motion profile shows positive and negative constant 

acceleration without a period of constant velocity.  

   The output data shown in Figure 15, from the electrogoniometer indicated that the user 

is generally accelerating or decelerating the foot pedal, with little or no constant velocity in 

the middle. As a result the second velocity profile will be assumed for all subsequent 

analysis. 
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Figure 15. Raw data from the electrogoniometer in the supine position. 

The analysis also considered the effect of varying the spring preload and the effect 

of the LBNP Box pressure difference on the foot pedal forces exerted by the user. The 

graphs in Figure 16 show the variation in user foot pedal force as the spring preload 

increases through a change in the adjustable dimension Lo.   

 

Figure 16. Variation in the user's force as the spring preload increases through a change 

in dimension Lo. 
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Summaries and Conclusion 

The compact, easily transportable, multi-platform device is designed to simulate both 

exercise and the daily activity of sitting. The exercise portion of the device creates stress 

on the lower extremities by supplying a variable resistance to a reciprocating foot pedal. 

This resistance is created from a coil spring and damper system acting through a 4-bar 

linkage. The resisting force increases as a function of leg extension to maximize work 

done by the user in each cycle of motion. The sitting portion of the multi-platform device 

creates a resistance applied to the posterior side of the lower extremities by the use of a 

chair. The chair is adjustable in angle to fit each subject and to simulate a force 2/3 BW, 

mimicking the posterior forces equivalent to the human activity of sitting between six and 

eight hours a day.   

   The multi-platform is paired with an existing LBNP Box to add an evenly 

distributed pressure-induced stress to the lower extremities. However, the LBNP Box 

constrains the length of the subject’s lower extremities, waist to sole of foot, to range from 

70cm to 82cm. By combining resistance exercise and lower body negative pressure, the 

subject will experience one or more times BW in stress on their musculoskeletal, 

cardiovascular and nervous systems. By achieving 1 BW or greater (artificial gravity) 

during exercise and 2/3 BW during sitting, the gap between the precondition and post 

condition syndrome will become smaller. The largest single-leg forces during resistance 

exercise are 1.16 BW (232lbs) during supine position when γ, the angle between the 

horizontal and the ground pivot on the right side of the mechanism, equals 187 degrees 

and minimal at 0.68 BW (136lbs) when γ equals 177 degrees. We conclude that the 

exercise portion of the multi-platform was able to elicit loads comparable to exercise on 
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Earth since the forces were greater than 1 BW and predict that when paired with LBNP 

the maximum resistance load can be as low as 196 lbf when the LBNP is set for the 

recommended 50 mmHg to achieve, at maximum, 2 BW.  

   Future versions of the machine should have lighter links and hence improved 

overall resistance curves. The multi-platform is fabricated from steel, which causes the 

inertia forces in the above calculations to be larger than desired. The angle of the foot 

pedal needs to be adjusted so that the user’s foot maintains an angle closer to 90° 

throughout the entire cycle rather than just toward the beginning and the end of the 

stroke. Currently, too much of the force from the subject’s foot is directed along the link, 

resulting in user forces that are somewhat higher than desired for the first half of the pedal 

stroke. Another future improvement includes a linear actuator to change the level of 

resistance based directly off the subject’s heart rate.     

   Overall, the combination of the multi-platform and the LBNP Box show great 

promise for minimizing deconditioning and for providing a safe, compact, lightweight and 

efficient way for space travelers to exercise.  
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CHAPTER II 

RECOMMENDATIONS FOR FUTURE RESEARCH 

INTRODUCTION 

Recommendations for this research is to collect and establish a database under 

the International Space Station (ISS) to enhance medical researchers understanding of 

how lower body negative pressure (LBNP) paired with exercise impacts osteoporosis, 

orthostatic intolerance and cardiovascular health in order to assist both war veterans’ and 

astronauts by offering a more effective rehabilitation protocols and providing a method to 

ensure safety while performing duties.  

 Each subject will have their cardiovascular responses and biomechanical 

measurements taken continuously throughout the exercise protocol. 

An electronic monitoring system will track the astronaut’s cardiovascular 

responses to avoid over-exertion. Sensors in the multi-platform elements will measure 

the ground reaction force (GRF) and provide visual feedback to the user to ensure correct 

form is used.  

 Data collection in a microgravity environment will yield faster results then terrestrial 

testing alone. This is due to the acceleration of bone loss, muscle atrophy, and poor 

cardiovascular health experienced in microgravity. Bone loss, muscle atrophy, and poor 
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cardiovascular health are developed for different reasons among astronauts versus 

injured soldiers/veterans; however the rehabilitation necessary for recovery appears to 

be very similar [24, 25, 26]. 

Military Relevance 

 The human body undergoes several physiological changes in low gravity at an 

accelerated rate, including reduction in heart size and blood volume, impaired balance 

control, and decreases in bone and muscle mass as shown in Figure 17. These 

physiological changes lead to undesirable health consequences and to operational 

difficulties, especially during emergency situations.    

 

Figure 17. The numbers shown above denote the levels of blood pressure in mmHg in 

regards to the location within body in the specified environment [34]. 

It has been reported [27] that bone structure and density, after a six month mission, 

had not returned to normal at one year and is said to take much longer with current 

rehabilitation protocols.  

21 
 



 According to the Military Times, of the more than 24.8 million veterans, 624,000, 

from Iraq and Afghanistan wars, have filed disability claims. According to the Budget of 

the U.S. Government the healthcare in FY 2012 equaled 61.85 billion dollars which in 

part, under Function 700: Veterans Benefits and Services, goes to rehabilitation. (A 

10.6% increase over 2010 to meet increased demands) [23]. The vets spend months 

(and sometimes years) in rehabilitation, many at the Brooke Army Medical Center in San 

Antonio, TX, home to the largest inpatient medical facility in the Department of Defense 

[29]. 

 

Figure 18. Soldier using standard exercise equipment during a rehabilitation protocol. 

  Rehabilitation time is believed to be reduced by the technology of 

combining two forms of stress applied to the body. Each stress, when performed on its 

own, has shown to be insufficient at overcoming bone loss, and inefficient at overcoming 

muscle atrophy and poor cardiovascular and nervous systems functions. However, when 

preformed together it is believed to successfully overcome each. 
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Technology and Development 

 Prior studies indicate that all exercise in space to date has lacked sufficient 

mechanical and physiological loads to maintain preflight musculoskeletal mass, strength, 

and aerobic capacity. This is because the existing equipment provides one form of stress 

at a time. 

 

Figure 19. Resistive Exercise Device (RED), Existing equipment Cycle Ergometer with 

Vibration Isolation and Stabilization System (CEVIS), Treadmill Vibration Isolation 

System (TVIS) [33]. 

Bone mineral density is lost at a rate of 1.4–1.5%/month at the hip and 0.9%/month 

at the spine in microgravity, compared to 0.5-1%/yr in 1G. Crewmembers returning from a 

six month mission indicated up to a 20% reduction in muscle volume in the lower 

extremities [27]. 

In addition to exercise, electrical stimulation, load suits, pharmacologic therapy, 

and artificial gravity have been considered. However, only some of these methods have 

been implemented in space, and they have not been successful in preventing bone and 

muscle loss. 
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Figure 20. The graphs represent the GRF found at a walk (left) and run 

(right). The black line denotes the GRF found on earth while the colors denote the GRF 

found on the ISS using different strength bungees. These graphs state that no matter the 

amount of resistance added the GRF found on the ISS will not equal the GRFs found in 

1G [33]. 

Concept for space flight version 

The novel exercise machine referred to as multi-platform will be made of mostly 

carbon fibers to ensure light weight and collapsibility and designed to be assembled with 

little or no tools at all. The LBNP Box will be transformed into an inflatable structure which 

can be deployed for use and stowed for space savings. A seal near the waist allows a 

differential pressure to be applied to the lower extremities. This acts as a suction force 

that pulls bodily fluid back toward the feet relieving unwanted pressure toward the upper 

body. 

 

 

24 
 



Technical Comparison to Existing Exercise paired with Lower 

Body Negative Pressure 

Researchers have shown, through terrestrial testing, that it is possible to decrease 

the gap between preflight and post flight syndrome by pairing exercise with LBNP [1], 

however their mechanical concepts lack, compatibility, and efficiency. The current LBNP 

Box is paired with a standard 450W treadmill, 193 x 127 x 128 cm, weighing in at 90kg. 

 

Figure 21. Sketch representing the current exercise machine, a treadmill, paired with 

lower body negative pressure [1]. 

Through antigravity machines, used in rehabilitation protocols, the first phase of 

bone/muscle restoration becomes easier by taking the weight off the limb [30, 31]. This 

quickly becomes ineffective. After the initial recovery of a fracture, the bone must 

experience compression forces (found in exercise) to heal properly [24]. For a bone to 

heal at a faster rate the compression forces need to be greater than one BW (1G).  
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Figure 22. A treadmill paired with lower body positive pressure [30]. 

This future research holds the potential to surpass current technology by  

• Making the system inflatable/expandable to more than twice its stowed envelope 

weighing in at 5.5 kg and consuming a nominal 380 W which includes the on-board 

data collection and storage.   

• Adding a sedentary daily activity in addition to the pure-mechanical exercise 

device.  

• Successfully maintaining pre-flight cardiovascular and biomechanical responses 

which are necessary to maintain the health of each astronaut during space 

missions and to improve rehabilitation protocols.  

• Providing a differential pressure that can be both negative and positive to 

accommodate each phase in the rehabilitation process. 
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Chapter III 

Appendixes 

Introduction 
 

Using classic techniques in kinematics, the mechanism has been designed and 

optimized to provide an increasing resistance throughout the movement, causing the 

largest load to be applied when the user’s leg is fully extended.  

Referring to the free body diagram below, loop closure, Equation 1, and velocity 

loop, Equation 2, will yield the position, s, and velocity, s-dot of the slider crank 

mechanism given the input position, θ, and velocity, θ-dot. Static resistance is dependent 

only on the value of θ, which determines the compression of the spring, and the geometry 

of the device.  Dynamic resistance depends on the user’s motion profile (θ-dot).  

Two profiles were taken into consideration: ramp-up/ramp-down and 

ramp-up/constant/ramp-down. These are assumed profiles. 

The following gives a step-by-step solution to the position and velocity loop 

equations. Then shows how virtual work is used to find the resistive force, Fuser, as a 

function of position, θ, 

Given/Assumed 

The motion of the user is expected to be slow, so dynamic effects, including the 

force of the damper, are expected to be small. The damper is incorporated to prevent 
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rapid movement in the event that the user’s foot slips off the pedal.  It also helps to 

discourage high-speed exercise motion. The inertial term in Equation 3, 𝐼∗�̈�𝜃�̇�𝜃, is based on 

a position-dependent equivalent inertia approach described in Suh and Radcliffe.   

𝑙𝑜𝚥̂ − 𝑙1 − 𝑙2𝑒𝑗𝜃 − 𝑠𝑠𝑒𝑗𝛾 = 0        (1) 

𝚥̂𝑙2�̇�𝜃𝑒𝑗𝜃 − �̇�𝑠𝑒𝑗𝛾 − 𝚥̂𝑠𝑠�̇�𝛾𝑒𝑗𝛾 = 0        (2) 

𝐼∗�̈�𝜃�̇�𝜃 +  𝐹𝑢𝑠𝑠𝑒𝑟�̇�𝜃𝑙3 +  𝐹𝑠𝑠𝑝𝑟𝑖𝑛𝑔�̇�𝑠   = 0        (3)  

Free Body Diagram: Kinematic diagram of the mechanism 

 

Method 

Loop Closure 

Known     Unknown 

𝑙𝑜 = 1.38′′     ɣ 

𝑙1 = 10.82′′     s 

𝑙2 = 1.95′′ 

𝑙3 = 15.30′′ 

𝜃𝜃 = 𝑢𝑠𝑠𝑒𝑟 𝑠𝑠𝑠𝑠𝑝𝑢𝑡 
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Solution 

Loop closure      

     𝑙𝑜𝚥̂ − 𝑙1 − 𝑙2𝑒𝑗𝜃 − 𝑠𝑠𝑒𝑗𝛾 = 0 

Separate into real and imaginary parts to form two equations. Two unknowns require two 

equations. 

𝑅𝐸: 𝑙1 − 𝑙2cos (𝜃𝜃) − 𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠(ɣ) = 0 

𝐼𝑀: 𝑙0 − 𝑙2sin (𝜃𝜃) − 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(ɣ) = 0 

 

𝑙12 + 2𝑙1𝑙2𝑐𝑐𝑐𝑐𝑠𝑠(𝜃𝜃) + 𝑙22𝑐𝑐𝑐𝑐𝑠𝑠 (𝜃𝜃)2 + 𝑙02 + 𝑙0𝑙2𝑠𝑠𝑠𝑠𝑠𝑠(𝜃𝜃) + 𝑙2𝑠𝑠𝑠𝑠𝑠𝑠(𝜃𝜃)2 = 𝑠𝑠2𝑠𝑠𝑠𝑠𝑠𝑠(𝜃𝜃)2 + 𝑠𝑠2𝑐𝑐𝑐𝑐𝑠𝑠 (𝜃𝜃)2 

-Combine like terms 

𝑙02 + 𝑙12 + 𝑙22 + 2𝑙2(𝑙1𝑐𝑐𝑐𝑐𝑠𝑠(𝜃𝜃) + 𝑙0 sin(𝜃𝜃)) = 𝑠𝑠2 

-Solve for s  𝑠𝑠 = �𝑙02 + 𝑙12 + 𝑙22 + 2𝑙2(𝑙1𝑐𝑐𝑐𝑐𝑠𝑠(𝜃𝜃) + 𝑙0 sin(𝜃𝜃)) 

s is now solved. However ɣ still remains unknown. Returning to the RE and IM 

equations will allow ɣ to be solved for. (eliminate s this time) 

𝑅𝐸: 𝑙1 − 𝑙2cos (𝜃𝜃) − 𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠(ɣ) = 0 

𝐼𝑀: 𝑙0 − 𝑙2sin (𝜃𝜃) − 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(ɣ) = 0 

 

       𝛾𝛾 = arctan �𝑙0−𝑙2 sin(𝜃)
𝑙1−𝑙2 cos(𝜃)� 

Note: Use division to eliminate s. Note that tan(ɣ) 

gives two results! 

Note: 𝑠𝑠𝑠𝑠𝑠𝑠(𝜃𝜃)2 + 𝑐𝑐𝑐𝑐𝑠𝑠(𝜃𝜃)2 = 1 therefore square 

both eq.’s and add to eliminate ɣ. We are known 
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Both sin and cosine are negative! Therefore theta should be in the third quadrant. 

Add 180 degrees to the equation. 

Solving the work done by the user in terms of the angle theta and the force of the 

user will allow the resistance curve to be graphed. Knowing that 𝑤𝑤𝑐𝑐𝑟𝑘 = ∫𝐹𝑢𝑠𝑠𝑒𝑟�̇�𝜃𝑑𝑑𝑡 

where �̇�𝜃 = 𝑑(𝑝𝑜𝑠𝑠𝑖𝑡𝑖𝑜𝑛 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛)
𝑑𝑡

. The following calculations solve this. 

Velocity loop equation 

𝑑𝑑
𝑑𝑑𝑡
�𝑙𝑜𝚥̂ − 𝑙1 − 𝑙2𝑒𝑗𝜃 − 𝑠𝑠𝑒𝑗𝛾� = 0 

�̇�𝜃 = 0 − 0 − 𝚥̂𝑙2�̇�𝜃𝑒𝑗𝜃 − �̇�𝑠𝑒𝑗𝛾 − 𝚥̂𝑠𝑠�̇�𝛾𝑒𝑗𝛾 = 0                 This uses the FBD above! 

�̇�𝜃 = 𝚥̂𝑙2�̇�𝜃𝑒𝑗𝜃 − �̇�𝑠𝑒𝑗𝛾 − 𝚥̂𝑠𝑠�̇�𝛾𝑒𝑗𝛾 

-Expand into RE and IM parts 

𝑅𝐸: − 𝑙2�̇�𝜃 sin(𝜃𝜃) + �̇�𝑠 cos(𝛾𝛾) − 𝑠𝑠�̇�𝛾 sin(𝛾𝛾) = 0 

𝐼𝑀:      𝑙2�̇�𝜃 cos(𝜃𝜃) + �̇�𝑠 sin(𝛾𝛾) − 𝑠𝑠�̇�𝛾 cos(𝛾𝛾) = 0 

-Substitute the following for ease. 

Yields: two equations, two 

unknowns, one known. 
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𝐴1 = cos(𝛾𝛾) 

𝐴2 = sin(𝛾𝛾) 

𝐵1 = −𝑠𝑠 sin(𝛾𝛾) 

𝐵2 = 𝑠𝑠 cos(𝛾𝛾) 

𝐶1 =  −𝑙2�̇�𝜃 sin(𝜃𝜃) 

𝐶2 = 𝑙2�̇�𝜃 cos(𝜃𝜃) 

 

𝐴1�̇�𝑠 + 𝐵1 �̇�𝛾 + 𝐶1 = 0 

 

𝐴2�̇�𝑠 + 𝐵2 �̇�𝛾 + 𝐶2 = 0 

 

 

-Solve for �̇�𝑠 and �̇�𝛾  

�̇�𝑠 =
𝐶1 − 𝐵1 �̇�𝛾

𝐴1
 

-Therefore 

𝐴2 �
𝐶1 − 𝐵1 �̇�𝛾

𝐴1
� + 𝐵2 �̇�𝛾 + 𝐶2 = 0 

 �̇�𝛾 =
𝐶2 + 𝐴2𝐶1

𝐴1
𝐵2 −

𝐴2𝐵1
𝐴1

 

Virtual Work 

𝐹𝑢𝑠𝑠𝑒𝑟�̇�𝜃𝑙3 = 𝐹𝑘�̇�𝑠 

𝐹𝑢𝑠𝑠𝑒𝑟 = �𝐹𝑘
𝑙3
� ��̇�𝑠

�̇�
�   where 𝐹𝑘 = 𝐹𝑠𝑠𝑡𝑎𝑟𝑡 + 𝑘∆𝑥 at position s and where ∆x equals eye-to-eye 

length minus s 

 

31 
 



Graph Trends 

At theta equals 45 degrees, s will be maximum and at 145 degrees, s will be at the 

eye-to-eye length minus ∆xmax  where ∆xmax  = stroke length. 

𝑉(45°) = 0 𝑎𝑠𝑠𝑑𝑑 𝑉(125°) = 0 

       𝐹𝑢𝑠𝑠𝑒𝑟  on the concentric motion should be greater than on the eccentric. This goes 

against the human strength curve: BAD! To counteract this, a user might be advised to 

move faster on the outstroke and more slowly on the return stroke.  

𝐹𝑡𝑜𝑡 = 𝐹𝑘 + 𝑘𝑑𝑉𝑥𝑦(𝜃𝜃) 

𝐹𝑡𝑜𝑡𝑥 = 𝐹𝑘(𝑠𝑠) + 𝑘𝑑𝑉𝑥(𝜃𝜃),      𝐹𝑡𝑜𝑡𝑦 = 𝐹𝑘(𝑠𝑠) + 𝑘𝑑𝑉𝑦(𝜃𝜃) 

𝐹𝑢𝑠𝑠𝑒𝑟(𝑑𝑎𝑚𝑝𝑖𝑛𝑔) =
𝐹𝑡𝑜𝑡(𝑥,𝑦)�̇�𝑠
𝑙3�̇�𝜃

 

Damping 

Damping forces depend on oil viscosity, orifice sizes, piston size, valving, shim 

configuration and most all, velocity.  Damper velocity is how fast the damper compresses 

or rebounds [32]. For most dampers force is directly proportional to the velocity 𝐹𝑑 = 𝑘𝑑 ∗

𝑉 where 𝑘𝑑  is the damping coefficient (provided by the manufacturer), and V is the input 

velocity controlled directly by the user.  

 𝐹𝑡𝑜𝑡 = 𝐹𝑘 + 𝐹𝑑 =  𝐹𝑘 + 𝑐𝑐�̇� where �̇� is a function of position which must be graphed 

in order to find when the velocity ramps up and down and where the peak is located.  
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Inertial Force 

Inertial force is the second component (first being the resistance of the 

spring/damping) found in the total users force. This force is generated from the geometry 

of the exercise machine. This is the concept of reduced mass which is based on the 

equivalence of kinetic energy in the reduced system and the actual system. The 

equivalent single mass (or inertia) system is said to be dynamically equivalent to the 

actual system in the sense that the response of the hypothetical equivalent single mass 

system to an input force would be identical to the actual multilink system. The actual 

system of n members is to be modeled by a single rotating mass of variable moment of 

inertia, 𝐼∗. At any instant, assuming angular velocity of the mass 𝐼∗ as �̇�, we equate the 

kinetic energies of the equivalent systems. (Suh and Radcliffe) 

1
2
𝐼∗�̇�2 = �

1
2

𝑛

𝑖=1

𝑚𝑖�𝑥�̇�2 + 𝑦�̇�2� +
1
2
𝐼𝑖𝜃𝜃�̇�

2 

-In this case �̇� = �̇�𝜃 = 1 𝑟𝑎𝑑𝑑/𝑠𝑠 

The above equation must be solved for 𝐼∗ in order to solve for 𝐹𝑢𝑠𝑠𝑒𝑟 in the 

equation below  

𝐼∗�̈�𝜃�̇�𝜃 +  𝐹𝑢𝑠𝑠𝑒𝑟�̇�𝜃𝑙3 +  𝐹𝑠𝑠𝑝𝑟𝑖𝑛𝑔�̇�𝑠   = 0 

Step 1- Assume velocity profile based on time and calculate theta double-dot. 

1st assumed velocity profile: step-up/constant/step-down with an outward stroke 

total time of .5 seconds. 

  
Vmax 

Time (s) 

Ve
lo

ci
ty

  

0 1/8 3/8 1/2 
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Define theta total in regards to the outward stroke and then in terms of the area 

under the assumed velocity curve. 

𝜃𝜃𝑡𝑜𝑡𝑎𝑙 = 125° − 45° = 80° 

𝜃𝜃𝑡𝑜𝑡𝑎𝑙 =
1
2
�̇�𝜃𝑚𝑎𝑥𝑡1 + �̇�𝜃𝑚𝑎𝑥(𝑡2 − 𝑡1) +

1
2
�̇�𝜃𝑚𝑎𝑥(𝑡𝑡 − 𝑡2) 

-combing the two equations above gives: 

80° = �̇�𝜃𝑚𝑎𝑥 �
−𝑡1

2
+
𝑡2
2

+
𝑡𝑡
2
� 

 

80° =
�̇�𝜃𝑚𝑎𝑥

2
(−𝑡1 + 𝑡2 + 𝑡𝑡) 

-assuming 𝑡𝑡 = 1
2
𝑠𝑠𝑒𝑐𝑐𝑐𝑐𝑠𝑠𝑑𝑑𝑠𝑠;  𝑡1 = 1

8
𝑠𝑠𝑒𝑐𝑐𝑐𝑐𝑠𝑠𝑑𝑑𝑠𝑠;  𝑡2 = 3

8
𝑠𝑠𝑒𝑐𝑐𝑐𝑐𝑠𝑠𝑑𝑑𝑠𝑠 

�̇�𝜃𝑚𝑎𝑥 =
160
3 4⁄

 

Mapping theta domain to time domain allows the user’s force in the time domain to 

be mapped to a time domain with respect to the degree in stroke. 

𝜃𝜃1 = 1
2
𝑡2 + 𝐶1                        𝐶1 = 45°    

𝜃𝜃2 = �̇�𝜃𝑚𝑎𝑥𝑡 + 𝐶2                    𝐶2 = 58.3333°         

Note that time starts at zero for each interval    

𝜃𝜃3 = �̇�𝜃𝑚𝑎𝑥𝑡 −
1
2
��̇�𝑚𝑎𝑥
𝑡𝑡−𝑡2

� 𝑡2 + 𝐶2                    𝐶3 = 111.66666°         

Note that since we start time at t=0 at the beginning of each interval; c3 will equal 

the theta in interval 2.  

�̇�𝜃𝑎𝑣𝑔 =
𝜃𝜃𝑡𝑜𝑡𝑎𝑙
𝛥𝑡

=
80°
1/2

= 160
°
𝑠𝑠2  
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�̈�𝜃𝑚𝑎𝑥 =  
�̇�𝜃𝑚𝑎𝑥
𝑡1

=
�̇�𝜃𝑚𝑎𝑥
𝑡𝑡 − 𝑡2

=
213
1/8

 

-Converting from degree per second square to radians per second square 

�̈�𝜃𝑚𝑎𝑥 = 29.7869526  

2st assumed velocity profile: step-up/ step-down with an outward stroke total time 

of .5 seconds. 

 

 

 
Define theta total in regards to the outward stroke and then in terms of the area 

under the assumed velocity curve. 

𝜃𝜃𝑡𝑜𝑡𝑎𝑙 = 125° − 45° = 80° 

𝜃𝜃𝑡𝑜𝑡𝑎𝑙 =
1
2
�̇�𝜃𝑚𝑎𝑥(𝑡2 − 𝑡0) +

1
2
�̇�𝜃𝑚𝑎𝑥(𝑡4 − 𝑡2) 

-combing the two equations above gives: 

80° = �̇�𝜃𝑚𝑎𝑥 �
1
8

+
1
8
� 

80° ∗ (4) = �̇�𝜃𝑚𝑎𝑥 

-assuming 𝑡𝑡 = 1
2
𝑠𝑠𝑒𝑐𝑐𝑐𝑐𝑠𝑠𝑑𝑑𝑠𝑠;  𝑡1 = 1

8
𝑠𝑠𝑒𝑐𝑐𝑐𝑐𝑠𝑠𝑑𝑑𝑠𝑠;  𝑡2 = 3

8
𝑠𝑠𝑒𝑐𝑐𝑐𝑐𝑠𝑠𝑑𝑑𝑠𝑠 

�̇�𝜃𝑚𝑎𝑥 = 320°/𝑠𝑠 

-mapping theta domain to time domain.  

𝜃𝜃1 = 1
2
��̇�𝑚𝑎𝑥

𝑡2
� ∗ 𝑡2 + 𝐶1                              𝐶1 = 45°               

𝜃𝜃2 = �̇�𝜃𝑚𝑎𝑥 −
1
2
��̇�𝑚𝑎𝑥
𝑡4−𝑡2

� 𝑡 + 𝐶3                    𝐶3 = 85°          

�̇�𝜃𝑎𝑣𝑔 =
𝜃𝜃𝑡𝑜𝑡𝑎𝑙
𝛥𝑡

=
80°
1/2

= 160
°
𝑠𝑠2  

0 

Vmax 

Time (s) 

Ve
lo

ci
ty

  

1/8 3/8 1/2 
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�̈�𝜃𝑚𝑎𝑥 =  
�̇�𝜃𝑚𝑎𝑥
𝑡1

= 22.34𝑟𝑎𝑑𝑑/𝑠𝑠 

-Converting from degree per second square to radians per second square �̈�𝜃𝑚𝑎𝑥 = 22.34  

Recap 

Use kinematics to find the force needed to compress the spring and moments of 

inertia to find the force required to move the mass of the structure. Then apply 

superposition to find the total force. All this will determine if the inertial force is significant 

and if the user’s force curve matches the trend of the human strength curve.  

An electrogoniometer was applied to the subject’s left knee, centered directly over 

the rotational joint. The electrogoniometer limits were calibrated for 0° when the user’s 

knee was straight, the top limit equaled 200V, and for 90°, when the knee was bent, the 

lower limit equaled 0V. The vertical line indicates the maximum voltage of 141.5 at 

roughly 90 degrees. This curve indicates that the user is generally accelerating or 

decelerating the foot pedal, with little or no constant velocity in the middle.  As a result, 

the second velocity profile will be assumed for all subsequent analysis. (Results shown in 

Figure 13 above) 

Step 2- solve for moment of inertia (MOI), 𝐼∗  

Find the volume and mass of each link. Note that these values are the same for 

links 3 and 4 since they are identical links. Remember to substrate the gaps (no material). 

𝑉𝑙𝑖𝑛𝑘2_𝑠𝑠𝑜𝑙𝑖𝑑 = ℎ ∗ 𝑑𝑑 ∗ 𝑤𝑤 = 6.304 ∗ 5 ∗ 5.23 = 164.85 𝑐𝑐𝑚3 

𝑉𝑙𝑖𝑛𝑘2_𝑔𝑎𝑝𝑠𝑠 = (3.5 ∗ 6.304 ∗ 5.23) = 115.39472𝑐𝑐𝑚3 

 

𝑉𝑙𝑖𝑛𝑘2 = 3.0512 𝑠𝑠𝑠𝑠3;  𝑀𝑙𝑖𝑛𝑘2 = 392.5𝑔 = 0.865𝑙𝑏𝑠𝑠  

Subtract gaps from solid 
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This mass is both reasonable and realistic. 

𝑉𝑙𝑖𝑛𝑘3_𝑠𝑠𝑜𝑙𝑖𝑑 = ℎ ∗ 𝑑𝑑 ∗ 𝑤𝑤 = 41.91 ∗ 5 ∗ 5.23 = 1095.9465 𝑐𝑐𝑚3 

𝑉𝑙𝑖𝑛𝑘3_𝑔𝑎𝑝𝑠𝑠 = (3 ∗ 20.249 ∗ 5.23) + 1
2

[𝜋1.52] ∗ 5.23 = 336.2𝑐𝑐𝑚3 

 

𝑉𝑙𝑖𝑛𝑘3 = 46.363 𝑠𝑠𝑠𝑠3;  𝑀𝑙𝑖𝑛𝑘3 = 5964.05𝑔 = 13.15𝑙𝑏𝑠𝑠 

This mass is both reasonable and realistic. 

MOI for a cuboid about the cm 

𝐼ℎ = 1
12� 𝑚(𝑤𝑤2 + 𝑑𝑑2) 

𝐼𝑤 = 1
12� 𝑚(ℎ2 + 𝑑𝑑2) 

𝐼𝑑 = 1
12� 𝑚(ℎ2 + 𝑤𝑤2) 

The rotation occurs about d. Note that the parallel axis theorem is needed for each 

link. 𝐼𝑧 = 𝐼𝑐𝑚 + 𝑚𝑟2 where r is the perpendicular distance between the axis of rotation (p) 

and axis that would pass through the center of mass.  

-This yields the following 

𝐼𝑑𝑙𝑖𝑛𝑘(2,3,4); 𝑎𝑏𝑜𝑢𝑡 𝑝 = 1
12� 𝑚(ℎ2 + 𝑤𝑤2) + 𝑚𝑟2 

-Sum each for a total inertia force 

𝐼𝑡𝑜𝑡 = 𝐼𝑑𝑙𝑖𝑛𝑘2; 𝑎𝑏𝑜𝑢𝑡 𝑝 + 𝐼𝑑𝑙𝑖𝑛𝑘3; 𝑎𝑏𝑜𝑢𝑡 𝑝 + 𝐼𝑑𝑙𝑖𝑛𝑘4; 𝑎𝑏𝑜𝑢𝑡 𝑝 = 3459 𝑙𝑏𝑙𝑏2 𝑐𝑐𝑟 1.01 𝑘𝑔𝑚2 

 

�̇� = �̇�𝜃𝑙3𝑐𝑐𝑐𝑐𝑠𝑠(90 − 𝜃𝜃) 

�̇� = �̇�𝜃𝑙3𝑠𝑠𝑠𝑠𝑠𝑠(90 − 𝜃𝜃) 

𝑚 = 3.7𝑘𝑔 𝑐𝑐𝑟 8𝑙𝑏𝑠𝑠 

Subtract gaps from solid 

𝑑𝑑 

ℎ 

𝑤𝑤 

45° ≤ 𝜃𝜃 ≥ 125° 
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𝐼∗ =
1
2� 𝑚��̇�2+�̇�2�+1 2� 𝐼�̇�2

1
2� �̇�2

 

 

𝐼∗ = 𝑙3
2𝑚 + 𝐼𝑡𝑜𝑡 

The MOI state that the lighter the foot pedal, the less significant the inertial force is. 

Inertial forces should be minimal so that the resistance curve is closest to the human 

strength curve. Therefore instead of using a 3.7 kg mass for the pedal (what it weights in 

steel) assume 1 kg (what it would weight in carbon fibers). This decreases the force 

required to move the mass of the system.  

To find 𝐹𝑢𝑠𝑠𝑒𝑟 solve for the sum of the moments 

 

 

  

�𝑚 = 𝐼∗�̈�𝜃𝑚𝑎𝑥 

𝐹⊥𝑙3 = 𝐼∗�̈�𝜃𝑚𝑎𝑥 

 

From the loop equations F⊥is known. F⊥ = Fusercos(α + γ) 

𝐹𝑢𝑠𝑠𝑒𝑟 =
𝐹⊥

𝑐𝑐𝑐𝑐𝑠𝑠(𝛼𝛼 + 𝛾𝛾) =
𝐹⊥

𝑐𝑐𝑐𝑐𝑠𝑠(25 + (90 − 𝜃𝜃)) 

 

 

 

 

 

Substitute terms  

𝜃𝜃 

𝛾𝛾 = 90− 𝜃𝜃 
𝛼𝛼 

𝛼𝛼𝑠𝑠 = 15° 
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Mechanical Results 

Figure 23. Resistance curve calculations, implementing the spring properties.    

 

  

Figure 24. Resistance curve results. (Left), Results for when the user applies a force at a 

25° angle relative to the pedal. (Right), Results for when the user applies a force at a 90° 

degrees angle relative to the pedal. These graphs show that the user force should remain 

90° throughout the stroke in order to most closely match the human strength curve. 
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Figure 25. Virtual work calculations. 

 

Figure 26. Moments of inertia (MOI) calculations assuming the foot pedal is negligible. 
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Figure 27. MOI solution for the ramp up, ramp down velocity profile. Calculations the GRF 

using a zero preload at Lo equal to two inches. Calculates GRF using 200lb and 400lb 

spring preload at Lo equal to 0.38 inches and 1.38 inches. 

 

Figure 28. GRF found using a zero spring preload at Lo equal to two inches assuming 

ramp up, ramp down velocity profile. Graph displays the total user force required in blue. 

The green represented the user force required to overcome the geometry of the machine  

and the blue represented the user force required to overcome the spring resistance. 
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Figure 29. MOI solution for the ramp up, ramp down velocity profile. Calculates the GRF 

using zero, 200 lb and 400 lb spring preload at Lo equal to 0.38 inches and 1.38 inches 

with 50 mmHg applied. 

 

Figure 30. GRF found using a 400 lbs spring preload at Lo equal to 0.38 inches assuming 

ramp up, ramp down velocity profile. Graph displays the total user force required in blue. 

The green represented the user force required to overcome the geometry of the machine 

and the blue represented the user force required to overcome the spring resistance. 
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Figure 31. MOI solution for the ramp up, ramp down velocity profile. Calculates the GRF 

using 200lb and 400lb spring preload at Lo equal to 0.38 inches and 1.38 inches with 50 

mmHg applied. 

 

Figure 32. MOI solution for the ramp up, constant, ramp down velocity profile. 

Calculations for the GRF using 200 lb and 400 lb spring preload at Lo equal to 0.38 

inches. 
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Figure 33. GRF found using a zero spring preload at Lo equal to two inches assuming 

ramp up, constant, ramp down velocity profile. Graph displays the total user force 

required in blue. The green represented the user force required to overcome the 

geometry of the machine and the blue represented the user force required to overcome 

the spring resistance. 
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Figure 34. MOI solution for the ramp up, constant, ramp down velocity profile. Calculates 

the GRF using zero, 200 lb and 400 lb spring preload at Lo equal to 0.38 inches, 1.38 

inches and 2 inches with 50 mmHg applied  

 

 

Figure 35. GRF found using a zero spring preload at Lo equal to 0.38 inches (shown in 

blue), 1.38 inches (shown in red), 2.0 inches (shown in purple) assuming ramp up, 

constant, ramp down velocity profile.  
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Figure 36. MOI solution for the ramp up, constant, ramp down velocity profile. Calculates 

the GRF using zero, 200 lb and 400 lb spring preload at Lo equal to 0.38 inches and 1.38 

inches with 50 mmHg applied. 
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Figure 37. GRF found using a 0 lb, 200 lb, and 400 lb spring preload at Lo equal to 0.38 

inches, and 1.38 inches assuming ramp up, constant, ramp down velocity profile with 50 

mmHg applied. 

Physiological Results 

The physiological and biomechanical responses of each subject during the 

protocol will evaluate the positive physiological adaptations achieved through the 

combination of exercise and LBNP. Each subject throughout the protocol, to ensure 

safety, had their blood pressure, blood flow and respiratory and cardiovascular responses 

measured using automatic pulse monitor (HEM-631INT, Omron, co), Doppler ultrasound 

(LOGIQ Book XP, GE Health Care), a gas analyzer VO2000 (Medical Graphics 

Corporation), and 12-lead Micromed Digital Electrocardiogram (Micromed Biotechnology 

Inc.) paired with a Polar heart rate monitor strap, respectfully. The heart rate (HR) levels 
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shown in Figure 38, from initial testing, indicate that the exercise is non-cardio within the 

first 3 minutes. However the HR of each subject increased with time. With more time it is 

believed, based off the Borg scale results, shown in Figure 39, that the HR would reach a 

cardio state.  

 

Figure 38. Recorded heart rate levels for 4 subjects using the initial protocol at preliminary 

stages of testing. Later testing showed high cardio levels when stiffer spring was used. 

 

Figure 39. Each subject pointed to a number on the Borg’s scale that correlated to the 

intensity level of the workout. 

The muscle activity in the femoris, vastus lateralis, gastrocnemius medial head 

and soleus will be monitored by a four channel electromyography (EMG) Miotool 400 
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(Miotec Biomedical Equipments) with an applied gain of 100 in 4 channels, and a band 

pass filter of 20-450Hz with a first-order Butterworth. The techniques of electromyography 

follow the recommendations of SENIAM (Surface Electromyography for the Non-invasive 

Assessment of Muscles). The results are listed below.  

  

Figure 40. Recorded electromyography results for 3 subjects. These tests were both 

preliminary and inconclusive. 

The team realized that the muscles that where most curtail to this study where the 

rectus femoris, long head, vastus medialis, vastus lateralis, Semitendinosus, and 

Gastrocnemius Medialis. The similar muscle activity shown in the upright versus supine 

position (shown below, respectfully) is a key indicator that this machine can be a success 

in both environments when paired with differential pressure.   
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Figure 41. Muscle activity shown in the upright (left) versus supine (right) position.   

The code required to find the maximum, minimum voltage of the EMG signals 

which would allow researchers to compare the EMG Graph and resistance curve in 

relations is stated below (calculatations were done in Matlab)  

clear all; 
close all; 
prompt = ('Digite o diretório onde encontram-se os arquivos a serem analisados:'); 
caminho = inputdlg(prompt); 
addpath = caminho; 

data = uigetfile('*.txt','Selecione o arquivo de dados:'); 
dados = load(data); 
vetor = dados'; 
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abs_vector = abs (vetor); 
vetor_final = abs_vector; 

prompt = ('Digite o limite inferior do sinal (repouso):'); 
low = input(prompt); %define "low" como o limite inferior para cortar os dados 

length = length(abs_vector); 
low_vector = [1:1:length]; 
low_vector = low_vector./low_vector; 

low_vector = low_vector*low;  
b = abs_vector > low_vector; 
vetor_final = abs_vector(logical(b)); 

max = max(vetor_final) 
min = min(vetor_final) 
average = mean(vetor_final) 
standard_deviation = std(vetor_final) 
variance = var(vetor_final); 

The ground reaction forces, given more time, would be continuously measured by 

using a pressure distribution Insole (Pedar-System, Novel GmbH, Germany). The force 

measured by the force insole was calibrated in the x-axis with an Alfa Instruments load 

cell (Mod.1) and my PCLab data acquisition tool. The testing was cut after only two test 

due to the owner falling ill. 

 

Figure 42. pressure distribution Insole that measured the ground reaction force for each 

subject. 
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Figure 43. Subject being fitted for the pressure distribution insole that measures ground 

reaction force. 

 

Figure 44. Subject testing the insole. 
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Preliminary kinematic problems and solutions 

The design process started with a simple 2-D sketch shown in Figure 3, it was then 

designed as a 3-D CAD model, followed by three prototypes.  

The first prototype showed a problem of over-died-center in regards to the spring. 

This was corrected by linearly aliening all three joints of rotation shown in figure 43.  

  

Figure 45. 3-D CAD model displays three rotational joints linearly aligned shown on the 

left. In the first prototype, shown on the right, joint 3 (shown in yellow) was offset from the 

line connecting joints 1 and 2. This designed proved problematic because the spring 

moved through the over-died-center. The problem was corrected by moving the 3rd 

rotational point in line with joints 1 and 2. This is shown in red. 

During the second prototype it was noticed that the existing trolley supports 

prevented the pedals from moving freely throughout their entire rotation. This was solved 

by relocating the horizontal supports toward the far extremes of the trolley giving the 

multi-platform enough room to be fully maneuverable.  

 

1 

2 
3’ 

3 

53 
 



 
 

Figure 46. second prototype mated to the existing trolley, shown on the left, after the 

horizontal supports were relocated. The 2nd prototype mated to the existing LBNP box, 

shown on the right. 

After testing the third prototype, it was found that the angle of the foot pedal needs 

to be adjusted so that the user’s foot maintains an angle closer to 90° throughout the 

entire cycle rather than just toward the beginning and the end of the stroke. Currently, too 

much of the force from the subject’s foot is directed along the link, resulting in user forces 

that are somewhat higher than desired for the first half of the pedal stroke.        
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