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• Exercise Countermeasures Project Key Activities Summary at GRC 

• Enhanced Zero-gravity Locomotion Simulator

• NSBRI-funded studies in GRC Exercise Countermeasures Project

• Harness Station Development Test Objective (SDTO)

• Advanced Exercise Concepts

Overview



Project Objective

Develop and provide exercise countermeasure prescriptions and systems for space 
exploration that are effective, optimized, validated and meet medical, vehicle, and habitat 
requirements.

Project Goals

Develop prescriptions for exercise countermeasures that efficiently reduce the negative 
effects of zero and partial gravity and meet the medical needs of astronauts.

Establish the requirements for exercise equipment that will provide the prescribed exercise 
countermeasures within the constraints imposed by the space exploration vehicle and the 
astronauts' habitat on the Moon or Mars.

Exercise Countermeasures Project



GRC Exercise Countermeasures Project
• Flight Harness Station Development Test Objective 

(SDTO) – Center for Space Medicine (CSM) harness flight 
development / TVIS harness on-orbit comfort evaluation

• Advanced Exercise Concepts - Identify, design, build 
prototypes, and evaluate Exploration exercise device 
concepts for Exploration. Delivered cycle ergometer that 
met requirements for the Space Exploration Vehicle (SEV) 
for 3 yearly evaluations at Desert RATS, ExL. 

• Ground Based Research and Sustaining Engineering for 
investigations performed on the enhanced Zero-g 
Locomotion Simulator (eZLS) and standalone Zero-g 
Locomotion Simulator (sZLS) at the University of Texas 
Medical Branch (UTMB) – lunar-g and martian-g capable

• National Space Biomedical Research Institute (NSBRI) 
Research – Musculoskeletal Alterations

• “Monitoring Bone Health by Daily Load Stimulus 
Measurement During Lunar Missions” University of 
Washington, PI, Cavanagh 

• “Foot Reaction Forces During Simulated Treadmill 
and Advanced Concept Exercise Countermeasures” 
– effect of interface compliance on ground reaction 
force – status complete

Enhanced Zero-g  Locomotion Simulator

Standalone Zero-g Locomotion Simulator

Harness SDTO Lunar Electric 
Rover Ergometer



Zero-gravity Locomotion Simulators 
and the Exercise Countermeasures 
Laboratory

Lab Manager: Kelly M. Gilkey, GRC

Project Manager: Gail P. Perusek, GRC

Collaborators: Christopher M. Sheehan (Zin), John K. DeWitt 
(JSC), Carlos M. Grodsinsky (Zin), Peter R. Cavanagh (U. of 
Washington), Brian L. Davis (Austen BioInnovation Institute, 
Akron, Ohio)



Figure 1. Various suspension techniques used (upright, side and supine). (A) Prototype of the upright technique used by Spady
(1969). (B) Upright technique used by Chang et al. (2000) with applied horizontal force applied to the anterior of the subject; note the 
lack of lower-extremity support for both upright suspension techniques. (C) Side-suspension technique used by Hewes (1969); note
the curved bar used to suspend the lower leg. (D) Side-suspension technique used by Peterman et al. (2000); note that no 
suspension was used for leg closest to the ground. (E) Cable suspension in a supine position (Grigor’yev et al.,1987); note the 
bifurcation in the cables supporting each leg. (F) First iteration of the ZLS (Davis et al., 1996); note that all limbs are independently 
supported.

Suspension Approaches to Zero-G Simulation



• Suspension methods
– F – Supine suspension – “Zero Gravity Locomotion Simulator” (ZLS) first 

implemented in 1990’s, treadmill rigidly mounted to wall, subjects suspended by 
harness with latex cords (Davis, et. al., 1996)

– Subject suspended horizontally or nearly horizontal while facing upwards
• Each limb segment supported independently
• Servo-motor with force feedback used for Subject Load Device (Genc, 2003)

– Benefits
• Constant force subject load device
• Supine suspension eliminates problems with unsupported lower limbs
• Horizontal subject position maintained – bedrest analog

– Limitations
• Upper body supported in cradle – upper body kinematics constrained

Suspension Approaches to Zero-G Simulation



Zero-G Locomotion Simulators

ZLS at Center for Locomotion Studies, Penn State 
University, State College, Pennsylvania ZLS at the Cleveland Clinic, Cleveland, Ohio

eZLS at NASA Glenn, Cleveland, Ohio sZLS for UTMB, Galveston, Texas



Harness Attached to 
SLD Cables

Subject Load Device 
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subject towards treadmill

Treadmill Surface

Supine Suspension 
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Zero-gravity Locomotion Simulator



Effect of Interface Compliance 



Series Bungee System (SBS) bungees

Subject Load Devices (Gravity - Replacement)

Linear Motor SLD (LM-SLD)

Pneumatic (P-SLD) 



The Zero-gravity Locomotion Simulators (ZLS, eZLS, sZLS) provide ground-
based simulation of in-flight (0-g) and surface (fractional-g) exercise.

Differences and similarities to actual microgravity locomotion have been 
quantified.

The ZLS (Cleveland Clinic) and sZLS (NASA JSC) are co-located with bed-rest 
research facilities for evaluating efficacy of exercise prescriptions in simulated 
Zero-g.

The eZLS (NASA GRC) provides additional capability for simulating fractional 
gravity locomotion (tilt), and floats the treadmill for high-fidelity simulation of in-
flight vibration isolation systems / compliant exercise devices. 

Capability exists for training crewmembers on a compliant running surface using 
the eZLS system. 

In Summary



NSBRI-funded studies in GRC 
Exercise Countermeasures Project

Foot Reaction Forces During Simulated ISS 
Exercise Countermeasures

Monitoring Bone Health by Daily Load Stimulus 
Measurement During Lunar Missions

NSBRI – funded study (‘04 – ’08) Musculoskeletal Alterations

PI: Peter R. Cavanagh, U. of W 

Co-I: Gail P. Perusek, GRC ; Carlos M. Grodsinsky, Zin



Foot Reaction Forces During Spaceflight (Foot) 
– PI: P.R. Cavanagh, Ph.D., D.Sc.



Relative Notional DLS Doses in 1-g, 0-g, Lunar-g 
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Exercise Prescriptions for Bone Mass Maintenance



Foot Reaction Forces – HRP IWG 2008



Daily Load Stimulus Abstracts – ASB 2008



Foot Forces on ISS publication, JOB 2010



Lunar gravity (1/6th-g) simulation

Apollo Era -- NASA Langley Reduced 
Gravity Simulator -- 1968

eZLS Lunar Gravity Simulation at 
NASA GRC -- 2007

Apollo 17 astronaut on the moon





NSBRI Monitoring Bone Health Publication

Aviation Space and Environmental Medicine, February 2011



Enhanced Zero-g Locomotion Simulator (SM) C-9 Microgravity Laboratory (AM)

Similarities between Simulated and Actual 0-g 



Kinematic and EMG Comparisons of Gait in 
Normal, Simulated, and Actual 0-g

American Society of Biomechanics 2009 Aviation Space and Environmental 
Medicine, Aug. 2010



• Locomotion in 3 gravitational environments compared –
– N = Normal Gravity (upright treadmill)
– SM = Simulated Microgravity (eZLS) 
– AM = Actual Microgravity (NASA DC-9 aircraft)

• 7 subjects 
• Elastomer bungee subject load system 
• 2 loading conditions (55%, 90% body weight)
• 2 speeds (3 mph walk, 7 mph run)
• Joint Kinematic, Muscle Activity (EMG), Ground Reaction 

Force and Temporal Kinematic data collected
• Subjects age 21-49 yrs., pre-screened (modified Air Force 

Class III physical, stress tests), JSC Institutional Review 
Board approval

Differences and Similarities to Actual 0-g



• More similarities than differences -- most notable differences between 
locations were in the Hip flexion and ROM -- greater in AM than SM 
and N for running (p <0.05)
– Extended exercise on the SM may not affect the hip musculature 

similar to long-term exercise in microgravity. 
– SM suspension cradle possible restriction of motion / forward lean

– SM = Simulated Microgravity
– AM = Actual Microgravity

Differences and Similarities to Actual 0-g



ISS Second Generation Treadmill (T2) Vibration 
Isolation System (VIS) Test

Purpose 
• Man-in-the-loop testing at GRC Exercise 

Countermeasures Lab (ECL) to produce 
data set to validated T2VIS verification 
model specific to sway space performance 
(representative stiffness, mass and inertia) 
and utilizing Boeing PaRIS isolators. 
Validate transfer functions and attenuation 
performance.

Status - Complete
• Expand eZLS treadmill degrees of freedom 

(1 DOF to 3 DOF) to accept PaRIS 
isolators completed in Nov. ’07. Mass / 
C.G. of treadmill matched to T2 
characteristics for comparable dynamic 
response.

• Human subject testing (n=4) completed 
Nov. ’07 - Jan. ’08 with 3 DOF and PaRIS 
isolators in place. Treadmill speeds 1.5 
mph (slow walk) to 12 mph (run).

• Kickload tests completed
• Data delivered to Boeing for isolator design 

input
• Expensive active vibration isolation (ARIS, 

gyroscope) proven unnecessary

Subject runs on 3 DOF PaRIS-isolated treadmill at GRC

T2 coordinate system / conventions

Close-up view of PaRIS isolators 
used for T2VIS simulation test



Harness Comfort Study Summary

U.S. Harness

Prototype Harness 
(Cleveland Clinic)

Comfort Data (Visual Analog Scale, VAS) results after 20-min jog

Exercise Countermeasures Laboratory at GRC

Background
• Discomfort from U.S. TVIS 

Harness is common complaint 
from crewmembers exercising on 
the ISS TVIS treadmill.

Purpose 
• Develop standard test protocol and 

conduct pilot test on enhanced 
Zero-g Locomotion Simulator to 
compare comfort and loading with 
TVIS Harness and Cleveland 
Clinic (CC) Prototype harness 
(n=6).

Outcomes
• CC Prototype found to be more 

comfortable at shoulders and 
overall than the TVIS Harness 
under similar loading conditions –
statistically significant differences.

• The TVIS Harness appears to 
concentrate loading at the 
shoulders, CC Prototype hip belt 
appears more effective at 
sharing load. 

• Final report submitted to LSDA 
June 2007.

• Move forward with flight hardware 
development as a Station 
Development Test Objective 
(SDTO)



The Zero-gravity Locomotion Simulators (ZLS, eZLS, sZLS) provide ground-
based simulation of in-flight (0-g) and surface (fractional-g) exercise – unique 
man-in-the-loop capabilities for exercise system design and verification.

Differences and similarities to actual microgravity locomotion have been 
quantified.

The sZLS (NASA JSC) is co-located with bed-rest research facility for evaluating 
efficacy of exercise prescriptions in simulated Zero-g.

The eZLS (NASA GRC) provides additional capability for simulating whole-body 
fractional gravity locomotion (lunar and martian-g), and floats the treadmill for 
high-fidelity simulation of in-flight vibration isolation systems / compliant exercise 
devices. 

Capability exists for training crewmembers on a compliant running surface using 
the eZLS system.

Crew Equipment (e.g., Glenn Harness) improvements may benefit long term 
musculoskeletal health for crewmembers

In Summary



Harness Station Development 
Test Objective (SDTO)

PI: Gail P. Perusek, GRC
Co-Investigators: Jeffrey Ryder, JSC; Tammy Owings, 
Cleveland Clinic



SDTO 17013-U: Harness

Purpose
• Current TVIS Treadmill Harness causes crew discomfort 

including chafing, broken skin and scarring
• An alternate harness design  (“Glenn Harness”) was evaluated 

for improved comfort  compared to the current Treadmill 
Harness (up to ~90% bodyweight ).

• Greater comfort may allow increased loading during 
treadmill running and may improve the health benefit 
of exercise (e.g., bone mass)

• Load data were captured on both Glenn and Treadmill Harness 
to provide hip:shoulder loading ratio and total load into harness



Features of the Glenn Harness

• “S”-shaped padded shoulder straps which 
avoid sensitive regions of the neck and 
shoulder while minimizing chest 
compression, better load distribution

• Biocidal fabric on inside surfaces eliminates 
odor buildup

• Waist belt with cupped and canted regions 
to apply load to the iliac crests and lumbar 
shelf. Split padding feature, stiff outer shell, 
removable lumbar padding

• Pre-curved and padded waist belt for 
customized fit (S,M,L male/female) – no 
complicated adjustment for size differences

• Load attached to multiple points and 
transferred over the semi-rigid shell of the 
waist belt for better load distribution



Protocol Overview

– Crewmembers ran up to 90% bodyweight loading and 
compared each harness type ‘side-by-side’

– Protocol was completed during nominal exercise time
• First month on-orbit use normal Treadmill Harness, then 4 data 

collection sessions with Glenn (or Treadmill), 4 data collection 
sessions with Treadmill (or Glenn) – remainder of mission wear 
harness of choice

• Load data captured on both Glenn and Treadmill Harness to 
provide hip:shoulder loading ratio and total load into harness

• Crewmembers provided qualitative comfort / fit / function feedback 
via a Questionnaire after selected sessions for both harness types 
(Borg Scale, and Likert Scale)



SDTO 17013-U: Harness

SDTO Results

– SDTO ran from September 2009 through end of November 2010, 
across ISS Increments 21-25, N=7 crew enrolled (5 males, 2 females)

– Four (4) of five (5) male crewmembers preferred Glenn Harness based 
on comfort surveys and crew debriefs. One crewmember wore Glenn 
Harness exclusively outside of the SDTO protocol (prior to and after 
protocol completion) during Increment.

– One female crewmember opted out of protocol (would have been 7th

subject, second female subject) – shoulder strap discomfort.
– Current ISS CDR is wearing spare Glenn Harness at personal request 

(not a consented test subject).
– Females encountered issues and a forward plan is in place with HRP to 

re-design/evaluate the female harness shoulder strap assembly.
– Based on positive crew feedback, Astronaut Office has requested 

consideration of the Glenn Harness as a crew preference item.



Conclusions and Recommendations

• Conclusion: 
– Glenn Harness preferred by 4 of 5 male crewmembers, potentially 

allowing greater loading with improved comfort. Female 
crewmembers did not prefer Glenn Harness. 

– Crew preference was most clearly indicated through comments 
rather than absolute comfort differences reflected in data.

– Astronaut Office has indicated past and future crews would like 
harness option.

• Recommendations: 
– Redesign/ground test female shoulder strap assembly (HRP 

action).   Present findings to VCB when complete.
– Recommend operational implementation of the Glenn Harness for 

males as a crew preference item.



Advanced Exercise Concepts

Project Manager: Gail P. Perusek, GRC

Task Lead: Christopher M. Sheehan (Zin)
Contributors: Nathan Funk (Zin), Justin Funk (Zin), John K. 
DeWitt (JSC)



Lunar Electric Rover (LER) Ergometer 
Human Subject Test Demonstration
NASA Glenn, Exercise Countermeasures Lab
Delivered to JSC / Desert RATS for 2010 trials

Lunar Electric Rover (LER) at NASA JSC

Ergometer generates power during use for recharging batteries, 
provides aerobic and resistive modes, data logging capability –
displays Watts, Voltage, Calories, Elapsed Time



Lunar Electric Rover (LER) Gas Spring Device
Evaluated against Wyle Inertial Wheel at JSC EXL 
(March 15, 2010 Final Report, J. DeWitt)
Delivered to JSC / Desert RATS for 2010 trials



Cam Air Spring Device

• Cam Air Spring Device is designed as a bench 
top unit to test system for ability to provide near 
perfect-linear loading

• The cam profile is designed using Excel, which 
adjusts the cam radius length in relation to the 
cam angle to produce a constant torque output 
from the varying piston force

• Bench top unit has been designed to accept 
different cam profiles, as well as different air 
springs/pistons for future test iterations

• Initial bench-top testing reveals near uniform (+/-
~2%) eccentricc and concentric strokes with 
regards to force linearity

Air Spring
Cam with strap

Output Cable

Support frame



E/C Overload Assist Device

• There has always been a desire for devices that have the 
ability to provide the user an Eccentric to Concentric overload

• However, because friction always works against the user, for 
passive devices (unpowered), this is nearly impossible without 
sacrificing force linearity.  An example of this is the Wyle Inertial 
Spring Device.  E/C overloads are possible, but force exerted on 
the user varies greatly in relation to the speed in which the user 
pulls on the device and the place within the stroke

• E/C Overload Assist Device combines the benefits of a passive system, 
which can provide near linear loads at a range of values, with the ability to 
add an E/C overload aspect to the exercise

• A motor/gearing system will be able to be engaged/disengaged from the 
passive system.  When exercising, the motor will be controlled to apply 
small loads on the eccentric stroke.  Instead of providing the entire load, 
this system will only be used to supplement ~10-20% on the eccentric 
stroke.  This will also greatly reduce power requirements

•Testing of this concept is currently underway with promising results

New motor drive pulley
E/C overload motor

Existing passive 
exercise device



Compact Subject Load Device (C-SLD)

• The C-SLD system was designed to provide a 
subject load solution for treadmill applications

• The C-SLD makes use of in-line air cylinders 
which clip onto the eZLS in a similar fashion to 
existing bungee straps

• C-SLD is an entirely COTS based solution, which 
offers distinct advantages in cost, device life 
(cylinders are factory rated to 22 million cycles), 
and size over previous pneumatic based solutions

• C-SLD also offers advantages in force linearity 
over existing bungee straps and other solutions.  
Initial testing shows the force linearity to be as 
good as +/- 4%, and with an average of ~+/-7% 

• C-SLD is designed with in-line force transducers 
and control software that monitor force and 
pressure vs. time and allow the test operator to 
change the input load (even on the fly)

Attachment 
points

C-SLD control box

Air cylinders 
shown in 

protective sock


