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Introduction:  Future crewed space missions with a 
long duration, and into deep space will require enhanced 
countermeasure technologies to ensure astronaut health. 
One such hazard is extended exposure to reduced 
gravity levels (i.e., microgravity, lunar gravity, or 
Martian gravity).  Reduced gravity impacts a variety of 
physiological systems, leading to hydrostatic 
intolerance, musculoskeletal atrophy, sensorimotor 
impairment, bone demineralization, cardiovascular 
deconditioning, and visual alterations [1]. Various 
countermeasures have been employed for mitigating 
these effects, such as exercise, pharmaceuticals, diet, 
and fluid loading. However, these approaches treat 
individual symptoms, such that each physiological 
system is addressed with primarily one countermeasure. 
An alternative to this approach is artificial gravity (AG), 
which promises to be a holistic, comprehensive 
countermeasure [2]. The technologies that create AG 
(acceleration) are promising potential countermeasures 
and it has been an ongoing research area of NASA, 
though traditional centrifuge designs typically include 
the drawbacks of Coriolis forces, gravity gradients, and 
vestibular cross-coupled illusions.  

As an alternative AG approach to a centrifuge, we 
have proposed a Linear Sled-Hybrid (LSH) AG system 
to mitigate astronauts physiological deconditioning. 
This system functions by applying linear acceleration 
and deceleration to produce footward loading; there is a 
half rotation (180°) to reorient the rider between 
acceleration and deceleration such that the loading 
remains footward, as when standing on Earth. The 
rotation also provides footward acceleration to the lower 
body through centripetal acceleration; hence the 
“hybrid” aspect of the design (Figure 1). The efficacy of 
this “duty cycle” of gravity (i.e., alternating between 
pure gravity loading during linear 
acceleration/deceleration and variable loading during 
the half rotation) has not yet been studied. However, the 
existing data from intermittent (i.e., ~1 hour per day) 
AG on a centrifuge during bed rest suggest benefits in 
mitigating physiological deconditioning [2].  

 
Figure 1:Linear Sled Hybrid AG system - from left to 
right the rider accelerates to produce footward loading, 
does a half rotation, then decelerates also producing 
footward loading and then the sequence repeats. 

This proposed system will be added to the outside of 
the gateway vehicle as a subsystem to the vehicle and 
part of the crew accommodation to keep the crew 
healthy. We propose a pressurized pod to enclose the 
rider, which performs the sequence of motions in Figure 
1. An airlock will be used to connect the habitable 
module of the vehicle to the LSH pod as shown in 
Figure 2. 

 

 
Figure 2: The LSH airlock interface to the spacecraft, 
with two pods shown in operation.    

Feasibility of the LSH: There are three categories 
to be considered with the feasibility of this system; 
human health benefits, human tolerability during LSH 
operation and engineering design expectation. As 
mentioned previously the effect of AG systems on 
human physiology is an ongoing research area 
supported by the NASA Human Research Program and 
others. Previously, the tolerability of the LSH was 
evaluated via simulation of the well-validated 
“observer” computational model of orientation 
perception. The motion profile was found to be well-
perceived with no cross-coupled illusion occurring, 
even if the simulated person tilts his/her head [3]. 
Further pilot studies at the University of Colorado have 
been performed, assessing the potential concern of 
motion sickness during the 180° rotation phase, which 
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have been successful. A tolerable LSH AG system may 
allow for a comprehensive countermeasure for 
spaceflight-induced physiological deconditioning. The 
main part of this abstract will be focusing on 
engineering design and interactions between the deep 
space gateway vehicle and the LSH subsystem. 

Engineering Analysis: The need for the LSH system 
is driven from a requirement of keeping an astronaut 
alive and healthy in a gateway craft for deep space 
exploration regardless of the orbit altitude to other 
planetary bodies such as the moon or Mars. This 
requires the LSH pod to provide life support for a period 
of time. The current Low Earth Orbit exercise protocol 
requires ~2.5hr every day per crew member [4]. Data 
from analog studies on centrifuge AG systems suggest 
benefits of ~1hr in mitigating physiological 
deconditioning, during which the astronauts will be 
riding in the pod, and requiring a life support system 
extension from the gateway craft [5].  
     Engineering Design: Mass, power, and volume of 
the LSH subsystems were main design drivers for 
defining this concept. Total added mass was the sum of 
masses of the pod, actuators, and structure of rail on 
which the pod travels. Leveraging mean ECLLS 
requirements, we estimated the required mass of the pod.. 
This included pressurized volume, environmental 
control, and life support systems. The pod mass was 
estimated to be 158 kg. The power inside of the pod was 
dependent on the electronics used inside such as a fan 
for ventilation, cabin lights, and heat removal from 
inside the pod. We estimated the power required to be 
4.33 Kw-hr.  The mass of the structure was a function 
of the length and material used for the railing. The 
duration of each phase of linear 
acceleration/deceleration and half rotation dictated the 
length required. This motion profile was design for a 
one time pass thru of the track yielding a duty cycle 
motion that would be repeated based on operation 
protocol for health of the crew. We included a margin 
of safety at both ends of the track to allow for a tolerable 
emergency stop. The motion profile for maximum and 
minimum case study are shown in Table 1, where Ta/d is 
time spent during acceleration or deceleration, TR is 
defined as the time during rotation phase, TT is a 
transient time between rotation and acceleration or 
deceleration phase.  

Table 1: Structure Mass and Motion Profile  
Case Acceleration 

(m/s2) 
Ta/d 

(s) 
TT 

(s) 
TR 
(s) 

Length 
(m) 

Max 9.81 1 1 1.67 49.47 
Min 9.81 0.25 0 1.12 6.95 

     The mechanism of actuation of the LSH is dependent 
upon the profile of the motion. After determining the 

motion profile for the LSH, the power requirements for 
both linear acceleration and rotation phase were 
computed for the structure of the LSH, the values are 
presented in Table 2 for the max and minimum track 
lengths defined in Table 1.  
Table 2: Mass and Power Estimation (Pod and Track) 

Case Mass (Kg) Power (Kw-hr) 
Max 26,226 33,602 

Min  3,684 28,964 
The LSH as shown in Figure 2 is attached outside of 

the gateway craft. Therefore, is not going to affect the 
existing internal habitable volume of the vehicle. The 
pod design adds a small habitable volume to the overall 
spacecraft of ~1.5 m3. This volume was designed to 
keep the astronaut alive for the duration of intended use 
(<2.5 hr). The thermal system, the oxygen provision 
system and the CO2 removal strategy in the pod were 
designed to be integrated with the gateway craft. The 
cost analysis for the LSH system needs to be further 
developed. 
 Conclusion: Based upon our preliminary analysis, 
the LSH system appears to be a feasible approach to 
creating AG, which may be beneficial to protecting 
against astronaut physiological deconditioning on a 
gateway spacecraft in cislunar space or even further 
away from Earth. Specifically, we found the motion 
sequence is likely to not be disorienting for the rider and 
provided preliminary engineering analysis of the track 
length, and pod in terms of mass, power and volume. 
Future work should further define these parameters and 
assess the viability of a LSH system with cost and 
benefits regarding the health of crew.   
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