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   Introduction:   Recent work indicates mechanical stimulation of soles 
may attenuate muscle atrophy initiated by gravitational unloading, in-
cluding that experienced during spacefl ight. The aim of the present study 
was to determine the modulating effect of unloading and body confi gu-
rations on the neuromuscular response to mechanical foot stimulation. 
  Methods:   A solenoid (2.5-cm 2  surface area) embedded within a platform 
provided non-noxious stimulation to the lateral foot sole: 100 ms dura-
tion, 3-mm protrusion. Stimulation was applied while measuring root 
mean square electromyography of the soleus and lateral gastrocnemius. 
Experiment 1 compared seated and standing conditions, as well as dif-
ferent levels of gravitational unloading created by suspension. Experi-
ment 2 altered postural stability by varying leg stance widths during a 
static stepping posture. Either the foot of the support leg or the nonsup-
port leg was stimulated. Reduced levels of loading further altered the 
level of postural challenge and support while maintaining the same body 
confi guration.   Results:   In both experiments, loading was not a modu-
lating factor to the response, supporting the use of mechanical foot 
pressure as a countermeasure for spacefl ight. Body confi guration and 
postural instability both modulated the response, independently of load. 
  Discussion:   In conclusion, an application of dynamic foot stimulation 
could be used to elicit neuromuscular activity without the need of back-
ground muscle activity or gravitational loading. However, the body con-
fi guration of the user with respect to postural stability needs to be 
considered in the application, and may provide further scope of benefi ts 
extending to the activation of postural synergies.   
 Keywords:   atrophy  ,   spacefl ight  ,   countermeasure  ,   electromyography  .     

 HUMAN BIPEDAL POSTURE is specifi cally de-
signed around gravity ( 8,40 ), and prolonged expo-

sure to an absent gravity vector, such as during space-
fl ight, is well documented for compromising terrestrial 
postural control upon return from fl ight. These changes 
are attributed to neuromuscular modifi cations and post-
fl ight defi ciencies, including a loss in antigravity exten-
sor muscle mass ( 12 ), altered muscle spindle sensitivity, 
and shifts in sensory accuracy and dominance ( 10,22,36 ). 
A new direction in the development of countermeasures 
for spacefl ight-induced muscle atrophy and neuromus-
cular degradation focuses on producing in-fl ight neuro-
muscular responses by stimulating load afferents with 
mechanical stimuli (see  23 ). Load sensory afferents are 
especially effective for altering antigravity extensor neu-
romuscular activity ( 9 ), and thus would target the af-
fected musculature. 

 To stimulate the load afference in the foot, mechanical 
stimulation could be applied within a specialized  “ boot, ”  

providing a countermeasure that could be worn during 
daily activities and/or during exercise regimes ( 17 ). Dif-
ferent types of mechanical foot stimulation have been 
used to elicit enhanced neuromuscular responses, and/
or attenuate muscle atrophy in both humans and ani-
mals. They include static pressure applied to the whole 
human sole ( 1,17,24,42 ), dynamic pressure applied to 
the plantar surface of the hind feet in hind limb sus-
pended rats ( 6,21 ), dynamic pressure applied to the hu-
man forefoot and heel ( 25 ), small area dynamic pressure 
( 13,26 ), small area progressive dynamic pressure ( 30 ), 
and dynamic pressure in the form of vibration in hu-
mans ( 18 ) and rats ( 11 ). 

 While favorable responses for attenuating muscle at-
rophy from plantar mechanical stimulation and vibra-
tion have been demonstrated in rat hind limb suspen-
sion models ( 6,11,21 ), and during dry immersion studies 
in humans ( 20,27,33,35 ), the role of gravitational unload-
ing in the response to dynamic foot stimulation in hu-
mans, and thus direct applicability as a countermeasure 
to spacefl ight-induced muscle loss, is still to be fully un-
derstood. Currently, load dependence for human muscle 
activity has been established for locomotion and pos-
tural perturbation responses ( 9 ), and Bastiaanse et al. ( 4 ) 
demonstrated an increased cutaneous refl ex amplitude 
response with body unloading. This cutaneous refl ex 
was elicited from electrical stimulation of cutaneous 
nerves radiating from areas of the feet and the load effect 
was especially strong for antigravity extensor muscles, 
and not purely a function of background muscular activ-
ity ( 4 ). In contrast, mechanical foot stimulation has trig-
gered postural responses with a complete loss of gravi-
tational loading, as experienced in microgravity ( 24 ), but 
the relationship between mechanical stimulation re-
sponses and partial loading has yet to be identifi ed. 
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 Moreover, body confi gurations which infl uence local-
ized lower limb loading and/or postural stability may 
also infl uence the response to plantar stimulation. In-
deed, whole body postural responses still occur in mi-
crogravity, including responses to antereoposterior cen-
ter of mass displacements ( 3,29,41 ), and body adjustments 
to align with the vertical axis while astronauts ’  feet are 
strapped to the fl oor ( 2 ). Thus, any modulation of re-
sponse to cutaneous stimulation normally associated 
with a terrestrial postural context may be preserved in 
spacefl ight if similar body confi gurations are main-
tained. We further separate body confi guration into two 
postural control categories that are extremely relevant in 
1 g: 1) the level to which postural stability is challenged. 
Burke et al. ( 5 ) demonstrated body postures with a greater 
postural challenge inhibited tibialis anterior responses 
to sural nerve, non-noxious electrical stimulation. These 
authors also demonstrated this task dependency was 
not purely a function of muscle contraction levels prior 
to stimulation. 2) The support role of the stimulated foot 
and corresponding leg. A reduction in cutaneous re-
fl exes of the lower limb also occurs during a contraction 
associated with a supporting or postural role rather than 
voluntary contraction ( 5,14 ). Therefore, both the degree 
of postural challenge and the supporting role of the 
stimulated foot and corresponding leg are expected to 
reduce the neuromuscular response to mechanical foot 
stimulation. 

 This investigation included two experiments each de-
signed to elucidate the role of gravitational loading and 
the related contexts of support and postural stability in 
the neuromuscular response to dynamic mechanical 
foot stimulation. Experiment 1 investigated the role of 
gravitational loading, comparing neuromuscular re-
sponses for seated and standing conditions, as well as 
different levels of gravitational unloading created by 
suspension. Experiment 2 examined the infl uence of 
contexts relating to postural instability and support con-
text on the neuromuscular response to foot stimulation. 
The postural instability was altered with varied leg 
widths during a maintained stepping posture. The sup-
port context was also differentiated, as the foot on either 
the supporting leg or the non-supporting leg was stimu-
lated, depending upon experimental condition. Reduced 
levels of loading were included to alter the level of pos-
tural challenge and support while maintaining the same 
body confi guration. We hypothesized the neuromuscu-
lar response to foot stimulation would increase with un-
loading, and reduce with greater postural instability 
and support role of the stimulated foot and correspond-
ing leg.  

 METHODS 

 Both experiments involved a non-noxious mechanical 
stimulation to the lateral portion of the sole of the foot 
during different levels of loading and different body 
confi gurations. The neuromuscular responses were 
measured with electromyography of the soleus and lat-
eral gastrocnemius. Experiments were performed in the 

Laboratory of Integrated Physiology, University of 
Houston, on different groups ( N   5  15 per group) of 
right-handed healthy subjects (mean  6  SD; Experiment 
1: 25.7  6  4.1 yr; Experiment 2: 24.6  6  3.9 yr) weighing 
less than 76 kg (Experiment 1: 65  6  8 kg; Experiment 2: 
68  6  6.8 kg). All were free from any known muscular or 
neurological medical conditions. The study protocol 
was approved in advance by the University of Houston’s 
Committee for the Protection of Human Subjects. Each 
subject provided written informed consent before par-
ticipating. Subjects were recruited from the University 
community.     

 Foot Stimulation 

 The Dynamic Foot Stimulation device (DFS) contained 
one solenoid (surface area 2.5 cm 2 ), embedded within a 
custom-built wooden platform and was controlled 
through customized software (LabView, National 
Instrument Corp, Austin, TX). Velcro straps, fed through 
narrow slits in the platform either side of the foot, se-
cured the foot in place, thereby maintaining the subject’s 
sole in contact with the DFS throughout the testing and 
prevented ankle fl exion, which eliminated triceps surae 
stretch refl ex responses. Each condition, in both experi-
ments, consisted of a single trial of stimulation applied 
to the sole of the foot under the fi fth metatarsal joint for 
100 ms at 20 psi, 3-mm protrusion, 21 times within a 
2-min period. A variable interstimulus interval and 2-min 
rest period between each trial was used to counter event 
anticipation and sensory receptor habituation. In order 
to control mental attention, subjects were required to 
slowly read aloud a series of random numbers displayed 
a meter in front of the subject at head height during 
stimulation periods ( 38 ).   

 Unloading Device — The Pneu-lift ™  

 Suspension was provided with the Pneu-lift ™  
(Pneumex, Inc., Sandpoint, ID). A harness was tightly 
fi tted around the subject’s waist and legs, adjusted for 
comfort, and attached to the cross bar. The harness was 
also worn under non-suspension conditions. During 
unloading using the Pneu-lift ™ , subjects ’  feet were 
positioned to align the natural balance of the subject to 
create only a vertical unloading force by the device. 
Electromyography (EMG) of the soleus (SOL) and lat-
eral gastrocnemius (GA) was monitored to ensure there 
was no background activity. Unloading was applied for 
only 2-4 min at a time with normal loading between tri-
als and conditions. Differential loading levels were con-
fi rmed by foot pressure distribution records of each con-
dition in both experiments using F-Scan  w   pressure 
sensors (Tekscan, Inc., Boston, MA) (    Fig. 1  ). Theses sen-
sors were placed under the feet.     

 General Subject Preparation 

 The subjects were barefoot, and their right foot was 
properly positioned for a stimulation location under-
neath the fi fth metatarsal joint, and secured in place 
with elastic Velcro straps. This plantar stimulation site 
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was selected because it elicited the greatest neuromus-
cular response to dynamic stimulation in a passive so-
leus and lateral gastrocnemius ( 26 ). The subjects were 
familiarized with and experienced the stimulation prior 
to testing. Surface electrode sites were located, prepared, 
and electrodes positioned over the belly of the SOL and 
GA (see EMG collection procedure below). The experi-
mental environment for all experiments minimized ex-
ternal stimulation such as noise, light, and distractions.   

 EMG Data Collection 

 After light abrasion and cleaning of the skin with al-
cohol, a silver-silver chloride preamplifi er electrode 
(Therapeutics Unlimited, Iowa City, IA) was attached to 
the SOL and GA. Surgical tape was used as needed to 
ensure the electrode maintained its position on the skin 
over the belly of the respective muscle. The ground lead 
was placed just above the right ankle and secured with 
an elastic strap. Sampling rates were preset to 1000 Hz. 
Both the EMG root mean squared data from the SOL 
and GA (5.5-ms time constant) and solenoid activation 
signal were simultaneously collected by the Enhanced 
Graphics Acquisition and Analysis board (R.C. 
Electronics Inc., Santa Barbara, CA), in order to synchro-
nize stimulus and response data for the analysis. 

Background EMG was monitored during each trial to 
ensure baseline levels were maintained.   

 Experiment 1 

 This experiment investigated the neuromuscular re-
sponses for seated and standing conditions, as well as 
different levels of gravitational unloading created by 
suspension. Each subject experienced four conditions: 1) 
seated, sitting with normal loading; 2) stand, standing 
with normal loading; 3) stand30, standing with 30% 
bodyweight unloaded; and 4) stand60, standing with 
60% bodyweight unloaded ( Fig. 1 ). The order of the con-
ditions was randomized across subjects to eliminate any 
possible order effect. 

 All standing conditions required use of the Pneu-
lift ™ , and the appropriate suspension level set relative 
to the subject’s weight. For the seated condition, the 
chair was adjusted for a 100° ankle angle and a 110° knee 
angle. The right foot and right knee, in the seated condi-
tion, were stabilized with elastic bands to facilitate a re-
laxed leg. After the subject was relaxed, the foot stimula-
tion was applied.   

 Experiment 2 

 This experiment consisted of a variety of static  “ step-
ping ”  postures, during which the right leg was stimu-
lated. The postural instability was altered with varied 
leg widths, and the possible effect of support context 
was altered by simulating either the support or non-
support leg.     Fig. 2   schematically represents the postures 
assumed by the subjects and which foot received the 
stimulus. Reduced levels of loading were included to al-
ter the level of postural challenge and support while 
maintaining the same stepping posture. All conditions 
required the use of the Pneu-lift ™ , and the appropriate 
suspension level set relative to the subject’s weight.   

 The stepping posture was defi ned by the position of 
two platform levels, one for the support leg and one for 
the non-support leg (stepping leg). The platforms were 
fi nely adjusted and positioned relative to the unloading 
frame to facilitate the most comfortable and  “ natural ”  
posture. The subjects were instructed to stand with the 
majority of their weight on the supporting leg. This was 
confi rmed with verbal communication and with the 
F-Scan w  pressure sensors (Tekscan, Inc., Boston, MA) 
( Fig. 1 ). In the tandem conditions the feet (support and 
stepping) were positioned in a tandem line, while in the 
regular stance conditions the feet were positioned shoul-
der width apart. Subjects were instructed to hold their 
own weight and support themselves; they were also in-
formed the harness could not support their full weight 
in the event of loss of balance, to facilitate the full per-
ceptual signifi cance of the less stable conditions. The 
platforms were reconfi gured for each condition to stim-
ulate the right foot, and the right foot was stabilized 
with elastic bands to the DFS to facilitate consistent 
stimulation.     Table I   provides summary information 
about each condition in Experiment 2. The order of the 
conditions was randomized to eliminate any possible 

  
  Fig.     1    .      Single subject examples of foot pressure distributions mea-

sured during each condition of Experiment 1 and 2. During all condi-
tions of both experiments the sole was in contact with the ground at all 
times. sn  5  support leg, regular stance, st  5  support leg, tandem stance, 
ns-N  5  non-support leg, regular stance, ns-t  5  non-support leg, tandem 
stance.    



Aviation, Space, and Environmental Medicine x Vol. 79, No. 9 x September 2008 847

MECHANICAL FOOT STIMULATION — FORTH & LAYNE

order effects. The foot stimulation was applied after sub-
jects were relaxed and comfortable.     

 Data Analysis 

 For both experiments, a 100-ms data analysis window 
was defi ned for each stimulation by the initiation of the 
stimulus and the following 100 ms. A custom-written 
Excel program (Microsoft Corporation, Redmond, WA) 
identifi ed the peak amplitude in the root mean squared 
records and calculated the positive integrated area (PIA) 
for the 20 analysis windows in each trial. The fi rst re-
sponse was disregarded to minimize effects of a poten-
tial startle response. The peak response and PIA for both 
the SOL and GA were signifi cantly correlated for all con-
ditions in both experiments ( P   ,  0.001). Correlation co-
effi cients ranged from 0.972 to 0.995 in Experiment 1, 
and 0.921 to 0.994 in Experiment 2. As such, peak 
amplitude values rather than PIA were then used for 
subsequent analysis. The data were transformed with a 
square root function to adjust for a mild distribution skew, 
and to facilitate a normal distribution. Repeated mea-
sures analysis tested for differences between experimental 
conditions. Experiment 1 had one within-subject factor: 
condition. Experiment 2 had three within-subject fac-
tors: stance, load, and stimulation site. Greenhouse-

Geissner adjustments were made when the covariance 
matrix circularity assumption was violated. A priori 
contrasts were used to test planned comparisons. Mean 
response latencies for each condition were calculated 
from latency values identifi ed visually on an averaged 
waveform of the 20 stimulation responses for each sub-
ject. The response latency was defi ned from the onset of 
the stimulus to initiation of the response. The peak la-
tency was defi ned from the onset of the stimulus to the 
peak of the response.     

 RESULTS     

 Experiment 1 

 The purpose of this experiment was to elucidate the 
difference in the neuromuscular response to foot stimu-
lation during varied levels of unloading, and between 
seated and standing conditions.  

 Basic neuromuscular response:     In both the SOL and 
GA, the basic neuromuscular response to the applied 
stimulation was consistent in waveform pattern, la-
tency, and duration, regardless of experimental condi-
tion.     Fig. 3   is an example of a typical plantar stimula-
tion response of the soleus for each of the four 
conditions. Across all conditions, the response latency 
was 48.4  6  3.5 ms after the onset of the stimulus, with 
response duration 21.2  6  4.3 ms. The peak latency of 
the response occurred at 56.8  6  3.3 ms after stimulus 
onset. The onset of the response relative to the stimu-
lation, the duration of response, and temporal loca-
tion of the peak amplitude were consistent features for 
all conditions.     

 Peak amplitude of response:     While temporal characteris-
tics of the neuromuscular response to foot stimulation 
were consistent, substantial variation between condi-
tions was observed in the peak amplitude of the re-
sponse. In the SOL, there were signifi cant differences in 
the peak amplitude for the conditions (Greenhouse-
Geissner adjustment: F 1.75, 24.5   5  4.996,  P   5  0.018), with a 
greater neuromuscular response for all standing condi-
tions than the seated condition ( P   �  0.05). The GA fol-
lowed the same trend; however, signifi cant differences 
were only measured between the seated condition 
and the two standing conditions with reduced load 
( P   ,  0.05) (    Fig. 4  ). In both the SOL and GA, there was no 

  TABLE I.         EXPERIMENTAL CONDITIONS FOR EXPERIMENT 2.  

  Condition Stance
Unloading 

(% Body Unload)
Stimulation Site 
(Lateral Plantar) 

 Step30S Regular 30% support leg 
 Step30NS Regular 30% non-support leg 
 Step60S Regular 60% support leg 
 Step60NS Regular 60% non-support leg 
 T30S Tandem 30% support leg 
 T30NS Tandem 30% non-support leg 
 T60S Tandem 60% support leg 
 T60NS Tandem 60% non-support leg  

  
  Fig.     2    .      In each condition of Experiment 2 the right leg (in gray) was 

stimulated, and that leg was either in the support or non-support position 
of the static stepping posture. Also, the stepping posture had two varied 
stances, regular and tandem stance.    

  
  Fig.     3    .      A typical single SOL response to mechanical foot stimulation 

for each contextual condition of Experiment 1: seated, standing with full 
load (stand), standing with 30% reduced load (stand30), and standing 
with 60% reduced load (stand60).    
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signifi cant difference between the standing conditions 
(i.e., those involving normal standing and standing dur-
ing unloading with the Pneu-lift ™ ), suggesting gravita-
tional load alone did not infl uence the amplitude of the 
response.  Fig. 3  provides an example of a single SOL re-
sponse to the foot stimulation for the differences in am-
plitudes for each contextual condition.      

 Experiment 2 

 The purpose of this experiment was to elucidate dif-
ferences in the neuromuscular response to foot stimula-
tion during different body confi gurations which alter 
the postural stability and support context of the lower 
limbs. Different levels of unloading were also used to al-
ter both postural stability and support contexts while 
maintaining the same body confi guration. 

 The basic neuromuscular response in Experiment 2 
was very similar to Experiment 1 and previously re-
ported responses ( 21 ) for both the SOL and GA, demon-
strating the same consistent temporal features: wave-
form pattern, latency, and duration, regardless of 
experimental condition. Also, as in Experiment 1, the 
peak amplitude varied between conditions in Experi-
ment 2. In both the SOL and GA there was a signifi cant 
interaction between the stimulation site (support con-
text) and the stance (postural position) for the peak 
amplitude measured. Specifi cally, the stimulation re-
sponse in the nonsupport leg was signifi cantly less than 
in the support leg when feet were shoulder width apart, 
but not when feet were in tandem ( P   �  0.01). This fi nd-
ing was independent of load as there was no general 
load effect (SOL:  P   5  0.76; GA:  P   5  0.785) on the neuro-
muscular response to foot stimulation. In Experiment 2, 
the confi guration of the right leg during the non-support 
and support leg conditions (regular stance) was analo-
gous to the confi guration of the right leg in Experi-
ment 1, seated and standing conditions, respectively. 
Specifi cally, in both the non-support leg (Experiment 2) 
and seated (Experiment 1), the right leg was fl exed to 
an approximately 110° knee angle, while the support 
leg (Experiment 2) and standing conditions (Experi-
ment 1) both had the right leg extended. Experiment 2 
results were consistent with the fi ndings of Experiment 
1 as again, conditions with the support leg (standing) 
confi guration exhibited a greater response than the 
non-support leg (seated) confi guration, independent 
of load.     

   Fig.     4    .      A) The SOL mean peak response ( 6  SE) to 
foot stimulation while seated, standing, and standing 
with 30% and 60% reduced load. B) The GA mean peak 
response ( 6  SE) to foot stimulation while seated, stand-
ing, and standing with 30% and 60% reduced load. 
* Signifi cance at  P   �  0.05.    

 DISCUSSION 

 The aim of this study was to determine the modulat-
ing effect of unloading and body confi gurations on the 
neuromuscular response to mechanical foot stimulation 
and thus further assess the applicability of a plantar 
stimulation countermeasure for spacefl ight-generated 
neuromuscular alternations. In both the SOL and GA the 
neuromuscular responses to dynamic lateral foot stimu-
lation were consistent and predictable in temporal fea-
tures: waveform pattern, latency, and duration, while 
the peak amplitude of the response was dependent upon 
experimental condition. The consistent and short re-
sponse latency of 48 ms suggests an oligosynaptic spinal 
path. Cutaneous mechanoreceptors of the foot sole and 
muscle spindles of intrinsic foot muscle are the recep-
tors expected to be stimulated, resulting in the activa-
tion of neuronal pathways, including those involved in 
previously identifi ed cutaneous and stretch refl exes 
( 14,15 ), although neither wholly match the response fea-
tures described above. 

 Regardless of the specifi c neurophysiological pro-
cesses underlying the response, our data unequivocally 
show the response to foot stimulation remains intact un-
der a variety of unloading and postural contextual con-
ditions. This includes generating a response in passive 
antigravity muscles. As antigravity extensor muscles are 
often electrically quiet and demonstrate the most sub-
stantial atrophy in microgravity, this is highly desirable 
for any muscle atrophy countermeasure developed for 
use during spacefl ight. 

 In both experiments, gravitational unloading was 
not a modulating factor to the response. The absence of 
infl uence from short-term unloading supports the use 
of mechanical foot pressure as a countermeasure for 
spacefl ight, as it implies responses will be maintained 
in microgravity. This is consistent with Layne et al. 
( 24 ), who successfully applied mechanical foot stimu-
lation to the soles of free-fl oating astronauts and elic-
ited the same neuromuscular responses during 105 d 
of spacefl ight. 

 The lack of load dependence in the present study is in 
contrast to a load dependency displayed by cutaneous 
refl ex responses to sural stimulation during locomotion 
( 4 ), as well as a general reduction in whole body pos-
tural responses with reduced load ( 7,8 ). The absence of 
load dependency in the present response may be a result 
of required load afference being replaced by the same 
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mechanical stimulation, and/ or by the presence of static 
foot stimulation resulting from contact with the base 
platform. This contact provided a constant source of af-
ference to the spinal cord and may be a required precur-
sor to the full expression of the observed response. Con-
versely, electrically induced cutaneous stimulation only 
stimulates part of the foot region and also bypasses spe-
cifi c impulse coding from sensory properties. Both fea-
tures may dissociate electrically induced cutaneous 
stimulation from being interpreted as load afference 
and, in turn, expose the response to modulations from 
load levels. The same phenomenon may exist for the so-
leus stretch refl ex. A load dependency has been demon-
strated with the H Refl ex ( 32,34 ), but when a soleus 
stretch refl ex was elicited mechanically, which includes 
a full sole stimulation, the stretch refl ex was unaffected 
by unloading ( 16 ). 

 In the present study, however, the relationship be-
tween plantar stimulation and the resultant neuromus-
cular response was revealed to be more complex. In ad-
dition to a lack of load dependence, the response 
exhibited a dependence on body confi gurations of the 
support and postural stability contexts, both of which 
are a function of load, i.e., a reduced load reduces the 
level of required support and makes a position more 
stable. The apparent incongruence of this fi nding may 
be explained by examining identifi ed postural mecha-
nisms. Well-established postural muscle synergies exist 
for common postures of standing and stepping. We sus-
pect the development of these postural muscle synergies 
includes the linking of the defi ning gravity vector to the 
body confi guration, enabling an associative muscle syn-
ergy response from particular body confi gurations inde-
pendent of the original gravity vector. Hence, the body 
confi guration of an unstable or support posture in full 
gravitational loading could still elicit the same responses 
even when the stability threat or support need is dimin-
ished. However, body confi guration alone is not usually 
suffi cient to generate terrestrial postural synergies. In 
microgravity or during terrestrial unloading, the combi-
nation of static foot pressure, analogous to contact with 
a surface, along with the appropriate body confi gura-
tions, may provide suffi cient afference to  “ trigger ”  pos-
tural synergies in microgravity. Ting and MacPhearson 
( 39 ) demonstrated in cats that the ground reaction force 
angle, a function of loading force and slip force and the 
cutaneous receptors that detect them, was the critical 
determinant for automatic postural responses. In micro-
gravity when feet are fi xed to a surface, shear receptor 
detection will still be operational and load force will be 
minimally represented by the contact. In a foot with no 
contact or loading, background activity of any cutane-
ous receptors in the sole will be absent ( 19 ), thus sug-
gesting afference from the sole requires mechanical 
stimulation of the receptors, which in turn contributes 
to the initiation of postural responses. 

 Terrestrial postural synergies observed in micrograv-
ity have all included the astronaut’s feet strapped to a 
surface ( 2,3,29 ). Moreover, two studies illustrate the ab-
sence of postural responses in free-fl oating subjects, and 

the restoration of those responses from the addition of 
mechanical foot stimulation. Dietz and Colombo ( 8 ) 
showed this phenomenon with C7 level water immer-
sion during a pulling and pushing task. Terrestrial pos-
tural patterns were absent in free fl oating and reestab-
lished when subjects were standing on a platform. Layne 
et al. ( 24 ) also demonstrated free-fl oating astronauts 
failed to exhibit anticipatory postural responses during 
a rapid arm raise, but restored them with the application 
of static foot stimulation. The level of static foot pressure 
applied was equivalent to that experienced in 1-g stance 
( 24 ), and thereby artifi cially provided cutaneous stimu-
lation for the load force component of ground reaction 
force angle. In the current study, the contact with the 
base platform would have provided some load force af-
ferent input, but the load-detecting receptors in the spe-
cifi c lateral site would have also been stimulated (to 
equal levels across all conditions) from the dynamic me-
chanical foot stimulation. 

 During the foot stimulation, the body confi gurations 
used in the present study included seated, standing, and 
standing in a variety of static stepping positions. The re-
sponse was greatly reduced while sitting relative to 
standing. This was true even in the standing condition 
that had the most similar loading pattern as that of the 
seated condition (i.e., 60% unloading, Experiment 1). 
Aside from loading, contextual differences between 
seated and standing include a variety of kinesthetic af-
ferent from the knee, hip, and surrounding musculature 
that may drive different responses. Background muscle 
activity levels of the lower leg can modulate neuromus-
cular responses to mechanical foot stimulation ( 13 ), and 
could be argued as the facilitating factor for the standing 
condition. Yet background activity levels of the SOL and 
GA were monitored and minimized during this study, 
and if background activity was the driving force for the 
facilitated response, seated and stand60 would be ex-
pected to be comparable. Instead, stand60 was the con-
dition with the greatest response amplitude, and seated 
with the smallest response for both the SOL and GA. 

 A further contextual difference between seated and 
standing is an increased supporting role of the legs and 
a less stable postural confi guration for the standing con-
dition. In addition, the stepping positions in experiment 
2 were varied specifi cally to alter the level of support 
role for the legs and the postural stability of the position. 
Overall, a greater response was measured in the leg with 
a greater postural supporting role and in positions of 
greater postural instability. 

 This direction of an increased response in support legs 
and positions of greater instability is unusual and un-
expected as it produces potentially destabilizing infl u-
ences to posture. Indeed, spinal refl ex reductions have 
been associated with increased postural instability for the 
H refl ex ( 28,31 ) and responses to noxious cutaneous stim-
ulation ( 37 ). However, if foot stimulation (non-noxious) 
contributes to postural synergies, it is possible the re-
sponse is associated with posture conserving mechanisms 
rather than being interpreted as a destabilizing force. In 
such a case, any response from the mechanical foot stimu-
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lation would be potentially exempt from inhibition, or 
even facilitated in less stable postures. This may also hold 
true for the soleus stretch refl ex, which is also associated 
with postural control, and has been shown to be greater 
during walking then pedaling and sitting ( 15 ). 

 It is apparent, however, that an application of dynamic 
foot stimulation, individually or in combination with 
other types of pressure patterns, could be used to trigger 
SOL and GA contractions without the need of muscle 
activity or loading. These contractions may attenuate, to 
some degree, the lower limb muscle atrophy and neuro-
muscular degradation associated with extended stays in 
microgravity. Moreover, the body confi guration of the 
user with respect to support and postural stability needs 
to be considered in the application, and may provide 
further scope of benefi ts extending to the activation of 
postural synergies.    
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