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Abstract Touch and pressure stimulation of the body 
surface can strongly influence apparent body orienta- 
tion, as well as the maintenance of upright posture dur- 
ing quiet stance. In the present study, we investigated 
the relationship between postural sway and contact 
forces at the fingertip while subjects touched a rigid 
metal bar. Subjects were tested in the tandem Romberg 
stance with eyes open or closed under three conditions 
of fingertip contact: no contact, touch contact (<  0.98 N 
of force), and force contact (as much force as desired). 
Touch contact was as effective as force contact or sight 
of the surroundings in reducing postural sway when 
compared to the no contact, eyes closed condition. 
Body sway and fingertip forces were essentially in phase 
with force contact, suggesting that fingertip contact 
forces are physically counteracting body sway. Time de- 
lays between body sway and fingertip forces were much 
larger with light touch contact, suggesting that the fin- 
gertip is providing information that allows anticipatory 
innervation of musculature to reduce body sway. The 
results are related to observations on precision grip as 
well as the somatosensory, proprioceptive, and motor 
mechanisms involved in the reduction of body sway. 
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Introduction 

The primary sensory inputs to postural control are visu- 
al, proprioceptive, and vestibular (Nashner 1981). Less 
well studied is the influence of somatosensation on pos- 
tural equilibrium. In combination with proprioceptive 
inputs from the legs and ankles, somatosensory stimula- 
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tion from contact of the feet with the support surface has 
been shown to play an important role in maintaining 
upright stance (Diener et al. 1984). Moreover, a growing 
body of evidence suggests that touch and pressure cues 
from any part of the body in contact with a stable exter- 
nal surface may have a profound influence on apparent 
body orientation (Lackner 1981, 1992). This implicates 
a larger role for touch cues in the control of posture 
than presently conceived. 

The influence of touch inputs has been illuminated 
particularly by studies of body orientation illusions. 
Several studies have shown that somatosensory stimu- 
lation of the hands or feet can elicit illusions of body 
motion in blindfolded subjects (Brandt etal. 1977; 
Lackner and DiZio 1984), even to the point of inducing 
nystagmus compensatory for the direction of apparent 
body motion. Moreover, Gurfinkel and Levik (1994) 
have shown that the cervico-ocular illusion, the sensa- 
tion of head rotation in space when the trunk is rotated 
at slow speeds with respect to the stationary head, is 
suppressed by grasping a rigid ground-based handle 
during trunk rotation. The tactile and proprioceptive 
cues from the arm provide veridical information about 
trunk orientation to a stable external referent, overrid- 
ing the body-centered reference. Interestingly, when the 
handle was compliant rather than rigid, suppression of 
the cervico-ocular illusion was not reported. 

Tendon vibration studies have also revealed that 
contact with an external surface can modify propriocep- 
tive inputs to the perception of body orientation. If the 
achilles tendons of a standing subject are vibrated while 
he or she is restrained in position and blindfolded, illu- 
sory forward body tilting is reported, centered around 
the ankles. However, if the subject is provided with con- 
tact cues through a bite plate, the pivot point of tilt often 
changes from ankles to head. Experienced tilt occurs 
despite no change in stimulation to the otolith recep- 
tors, which are often considered the primary influence 
on the preception of postural upright (Benson 1982; 
Howard 1986). Furthermore, the patterns of body mo- 
tion experienced during z-axis recumbent rotation of 
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the body ( 'barbecue spit rotation') ,  which have tradi- 
tionally been related to vestibular stimulation (Correia 
and Guedry  1966) turn out  to be attr ibutable to touch 
and pressure stimulation of the body surface which is 
covarying with the vestibular activity (Lackner and 
Graybiel  1978a, b). 

In view of such findings, touch cues may also be ex- 
pected to influence the maintenance of upright posture 
during quiet stance or locomotion.  Intuitively, we con- 
ceive of contact  with a stable surface, such as leaning 
against a wall with the hand and arm, as providing pos- 
tural stabilization through passive physical reaction 
forces that  balance those imposed by movement  of the 
body. However,  touch contact  does not have to be phys- 
ically supportive to influence balance. Marsden et al. 
(1981) showed that  per turbat ions as small as 7.5 g ap- 
plied to the left thumb of a standing subject resulted in 
compensa tory  postural  responses similar to those ob- 
served with loads of 300 g or more. More  recently, 
Holden et al. (1987, 1994) have found that contact  of 
only a fingertip with a s tat ionary surface can at tenuate 
postural  sway, even when contact  forces may not be 
large enough to provide significant physical support.  

In the present experiment we investigated whether 
the reduction of postural  sway conferred by light touch 
of the index finger is due to the sensory information 
about  body sway it provides. Our approach was to com- 
pare the temporal  relationship between body sway and 
contact  forces at the fingertip for force levels that are: (1) 
large enough to provide some actual physical stabiliza- 
tion of the body ( ~  400-500 g); and (2) too small to 
provide physical support  ( < 100 g). When fingertip con- 
tact is providing physical support,  we expect force level 
to increase and decrease with body sway towards and 
away from the contact  surface, respectively. When fin- 
gertip contact  force is too small to provide physical sup- 
port  but  can possibly provide sensory cues about  body 
sway, we expect body sway to lag contact  force changes 
at the fingertip, because the role of the sensory cues 
would be to allow anticipatory innervations of the leg 
musculature to reduce sway. We were also interested to 
see how contact  cues from the fingertip influence the 
spectral properties of postural sway. Somatosensory 
and proprioceptive input from the feet and ankles (Di- 
ener et al. 1984), as well as vision (Dichgans and Brandt 
1973; Mauri tz  et al. 1979), are known to influence pos- 
ture primarily at sway frequencies below 1 Hz. We test- 
ed subjects with eyes open and with eyes closed, with 
and without  fingertip contact  cues, to see whether touch 
cues from the fingertip would influence postural sway in 
the same frequency range. 

Materials and methods 

Apparatus 

Figure 1 depicts a subject in the tandem Romberg stance (heel-to- 
toe) on a force platform while touching the device used to measure 
the forces applied by the right index fingertip, The force platform 
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Fig. 1 Subject depicted in tandem Romberg posture on the force 
platform in the touch (VT, DT) and force (VF, DF) contact condi- 
tions with the right index fingertip on the touch bar. In the no 
contact (V, D) conditions, the subject's arms hung passively by his 
or her side 

(Kistler Model 9261A) measured the medial-lateral (CPx) and 
anterior-posterior (CPy) center of foot pressure coordinates from 
the force components (Fx, Fy and Fz) of the active forces applied 
to its surface registered by piezo-electric crystals in each of the 
four corners of the platform. 

The touch device consisted of a horizontal metal bar 
(46 cm • 1 cm • 2 cm) attached to a metal stand, parallel with the 
subject's sagittal plane. The stand rested on a rigid wooden plat- 
form (155 cm • 70 cm) that overlaid the force plate. The wooden 
platform extended beyond the lateral edges of the force plate; the 
touch device apparatus rested on the right side and was balanced 
by a comparable weight on the left side. This arrangement ensured 
that the computed center of pressure reflected movements and 
acceleration of the subject's center of gravity, and would not be 
affected directly by forces applied at the fingertip. The horizontal 
bar could be adjusted in height and position to allow individual 
subjects to assume a comfortable arm position while touching the 
contact surface with their index finger. The subject placed his or 
her right index finger on the middle of the bar which was marked 
with a small piece of white tape. Two dual element, temperature- 
compensated strain gauges (Kulite Semiconductor, Type M(12) 
DGP-350-500) mounted on the metal bar transduced the horizon- 
tal (F 0 and vertical (Fv) forces applied by the finger. The strain 
gauge signals were amplified and calibrated in units of force (new- 
tons) and a comparator could trigger an auditory tone when an 
adjustable threshold force was reached. Five data channels (force 
platform: CPx, CPy and F z, touch device: F h and Fv) were digitized 
in real time at 64 Hz using a personal computer with a data acqui- 
sition board (Data Translation DT-2800). 

Subjects 

Five individuals participated, one woman and four men ranging 
in age from 20 to 50 years. The subjects were healthy and physical- 
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ly active with no known musculoskeletal injuries or neurological 
disorders that might affect their ability to maintain balance. 

Procedure 

The subject stood with right foot directly behind left along the 
center of the anterior-posterior axis of the force platform. Adhe- 
sive tape was used to mark the position of the feet on the platform 
so that the same foot position could be repeated on each trial. The 
touch bar was adjusted to a comfortable height and distance for 
the right fingertip. 

The experimental trials included two visual conditions (vision, 
eyes open, and dark, eyes closed) and three fingertip contact con- 
ditions (no contact, during which the subject's arms hung passive- 
ly, touch contact, in which the subject was limited to 0.98 N of 
applied horizontal or vertical force on the touch apparatus, and 
force contact, during which the alarm was turned off and subjects 
could apply as much force as desired). The six experimental condi- 
tions are identified as follows: V = vision - no contact, VT = vision 
- touch contact, VF = vision - force contact, D = dark - no con- 
tact, DT = dark - touch contact and DF = dark - force contact. 

Subjects began each trial by looking straight ahead at a fixa- 
tion target on a wall 2 m away covered with a black cloth. The 
subjects peripheral visual field beyond 30 ~ provided a rich, com- 
plex visual environment with horizontal and vertical cues. Before 
each trial, subjects were told to look straight ahead and to take as 
much time as desired to assume a comfortable stance with their 
fingertip on or off the touch bar and with eyes open or closed, 
depending upon the condition. Their instructions were to main- 
tain the tandem stance as comfortably as possible for the entire 
trial, to sway as little as possible, and to keep the fingertip on the 
same spot on the touch bar during the touch and force contact 
trials. Once they felt ready, subjects said 'go '  and the experimenter 
initiated data acquisition. Practice trials were given for each con- 
dition before the experiment began. If a subject was unsuccessful 
in a particular practice trial (e.g., lost balance or triggered the 
touch alarm more than once), then that trial was repeated until 
performed correctly. Every subject successfully completed each 
practice condition within two attempts. 

The experimental trials were run in four blocks of six trials 
(one of each condition per block) for a total of 24 trials. Condi- 
tions were randomized within a block. Trial duration was 24 s. If 
a subject was unable to complete a particular trial (e.g., lost bal- 
ance), it was repeated immediately. After each trial, the subject 
stepped off the platform and sat comfortably for at least 1 min. 
The experiment lasted approximately 1 h. 

Analysis 

To minimize contamination from possible anticipation effects as- 
sociated with the beginning and end of a trial, the first 4 s and the 
last 4 s of data were excluded from consideration, leaving 16 s of 
data for each trial. Cross-correlations between the fingertip con- 
tact forces (F h and Fv) and center of pressure sway (CPx and CPy) 
sway were calculated to determine which components were most 
strongly related in time. Correlations were performed at each of 
100 steps (15.625 ms/step) in both the forward and backward di- 
rections to determine if correlations were strongest at times other 
than t = 0 (i.e., in phase). Because correlations do not have a nor- 
mal distribution, correlations were first transformed to the Fish- 
er's z for statistical analysis (Senders 1958). Planned comparison 
t-tests demonstrated that the CPy-F h and CPy-F v correlation pairs 
were never significantly different from zero. Thus, since CPy was 
not correlated to the touch bar forces, further analyses focused on 
measures to characterize the influence of fingertip contact forces 
on only CPx sway. 

CPx sway amplitude within a trial was determined by subtract- 
ing the average position of CPx from each data point. CP x mean 
sway amplitude (MSA) was equal to the average variation around 
the mean position of CP x. Mean sway velocity (MSV) was also 

calculated by differentiating CP~ sway amplitude and calculating 
the average velocity within a trial. Mean horizontal and vertical 
forces applied by the fingertip were calculated for the touch and 
force contact conditions. A power spectral density analysis was 
performed to determine the component frequencies of CPx sway. 
Analyses of the power spectra were used to identify the bandwidth 
between 0 and 4.0 Hz in which over 95% of the power was con- 
centrated. CPx sway mean power frequency (MPF =Zpfdf/Epdf) 
and mean total power (MTP = Epdf), where p equals the power at 
frequency f, were calculated within this bandwidth. 

A 2 x 3 x 4 repeated-measures MANOVA was performed to 
evaluate the influence of vision (V,D), contact (none, T, F) and trial 
(1-4) factors on CPx sway for measures (MSA, MSV, MPF & 
MTP). Because contact forces were zero in the no contact condi- 
tion, a separate 2 x 2 • 4 MANOVA was run for measures involv- 
ing contact forces (mean absolute Fh and Fv, CPx-Fh correlation 
and time lag, CPx-Fv correlation and time lag), with only the t and 
F levels of the Contact factor. Since our overall analysis involved 
two separate MANOVAs, which may inflate Type ] error, our 
level of significance was adjusted with a Bonferroni correction for 
multiple tests (Kirk 1982). Therefore, a MANOVA effect was not 
considered significant at the 0.05 level unless its tabled F-value 
had a P < 0.025. Follow-up univariate ANOVAs were also adjust- 
ed using the Bonferoni correction, resulting in a required signifi- 
cance level of 0.005 for each ANOVA. 

The effect of trial order was not significant in both the CP X 
sway and touch MANOVAs (P>0.1), therefore the data were 
averaged across trials for each subject. The results of the CPx sway 
MANOVA showed significant effects for the vision and contact 
factors and the vision x contact interaction (P<0.001). The con- 
tact force MANOVA showed significance only for the contact 
factor (P<0.001). The details of the univariate ANOVAs and 
pairwise comparisons are discussed in the results section. 

Results 

M e a n  sway  a m p l i t u d e  

M e a n  CPx sway  a m p l i t u d e  was  h ighes t  in the  d a r k - n o  
t o u c h  (D) c o n d i t i o n  a n d  was  s ign i f ican t ly  r e d u c e d  in all  
o t h e r  cond i t i ons .  F i g u r e  2 a  shows  the  CPx sway  o f  sub-  
j ec t  1 in a d a r k - n o  c o n t a c t  (D) c o n d i t i o n  o v e r l a i d  u p o n  
a d a r k - t o u c h  (DT)  c ond i t i on ,  i l l u s t r a t ing  the  r e d u c t i o n  
in m e d i a l - l a t e r a l  sway  due  to  the  a d d i t i o n  of  t ouch  con-  
tact .  F i g u r e  2 b d i sp l ays  the  m e a n  CPx sway  a m p l i t u d e  
in each  c o n d i t i o n  c o l l a p s e d  ac ross  subjects .  A s ta t i s t i ca l  
ana lys i s  r evea led  a s igni f icant  v is ion  x c o n t a c t  in t e rac -  
t ion  effect for  CPx sway  ( P < 0 . 0 0 1 ) .  F u r t h e r  c o m p a r i -  
sons  of  CPx sway  a m p l i t u d e  r evea led  th ree  inf luences  of  
v isual  a n d  c o n t a c t  i n f o r m a t i o n :  

(1) CPx m e a n  sway  a m p l i t u d e  was  s igni f icant ly  g rea t e r  
in no  c o n t a c t  t h a n  t o u c h  c o n t a c t  c o n d i t i o n s  ( D > D T  
a n d  D F ,  V > V T  a n d  VF ,  P < 0 . 0 1 ) ,  i nd i c a t i ng  t ha t  
t o u c h  a n d  force c o n t a c t  effectively r e d u c e d  CPxmean  
sway  a m p l i t u d e ,  wi th  o r  w i t h o u t  v i s ion  present .  

(2) CPx m e a n  sway  a m p l i t u d e  in the  d a r k  t o u c h  cond i -  
t ion  was  s ign i f ican t ly  l ower  t h a n  in the  v is ion  no  con-  
t ac t  c o n d i t i o n  (V > DT,  P < 0.01), i nd i c a t i ng  t ha t  t ouch  
c o n t a c t  was  m o r e  effective t h a n  v is ion  in r educ ing  pos -  
tu ra l  sway  in the  t a n d e m  R o m b e r g  s tance.  
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Fig. 3 Mean horizontal and vertical fingertip forces collapsed 
across subjects in each experimental condition involving fingertip 
contact. Contact forces were approximately ten times greater with 
force contact than touch contact 

Fig. 2 a Overlaid time series of CP x sway from dark - no contact 
(dotted line) and dark - touch contact (solid line) conditions illus- 
trating the reduction in CP sway amplitudes due to fingertip 
touch contact, b Mean CPx sway amplitude (MSA) collapsed 
across subjects for each experimental condition. MSA was highest 
in the no contact - dark (D) condition and lowest with any form 
of fingertip contact. Error bars are SDs in this and subsequent 
figures 

(3) CPx mean sway amplitude was greater with eyes 
closed than eyes open in the no contact (D>V, 
P<0.001) and touch contact conditions (DT>VT, 
P < 0.05), but not different with force contact (DF = VF). 
Force contact mechanically stabilizes postural sway to 
such an extent that vision can provide no additional 
stabilization. 

Fingertip contact forces 

The mean absolute vertical and horizontal forces at the 
fingertip are shown in Fig. 3 for the conditions involving 
fingertip contact. Increases in both horizontal and verti- 
cal forces were observed from conditions using touch 
contact (VT and DT) to those using force contact (VF 
and DF). 

Differences in mean contact force levels were signifi- 
cant only for contact with both the horizontal and verti- 
cal forces (P < 0.0001). There were no significant differ- 
ences due to vision (P > 0.05). 

CPx-Fh and CPx-Fv correlations 

Figure 4a, b shows overlaid time series of CPx sway and 
Fhin the VF and VT conditions with their respective 
correlations and time lags. The correlation between CPx 
sway and Fh is higher in condition VF (Fig. 4a) than 
condition VT (Fig. 4b). Moreover, the time lag at which 
the maximum correlation occurs is much longer in VT 
(1ag~296 ms) than VF (lag~ 31 ms). This means that 
changes in CPx sway and Fh occur at approximately the 
same time with force contact (VF), while changes in CPx 
sway occur approximately 300 ms after changes in Fh 
with touch contact (VT). 

The differences in correlation and timing between 
CPx sway and contact forces as shown in Fig. 4 for indi- 
vidual trials were also reflected in mean values. Mean 
CPx-Fh & CPx-Fv correlations, collapsed across trials 
and subjects, are shown in Fig. 5a and Fig. 5b, respec- 
tively. Statistical analysis revealed a significant main ef- 
fect for contact for both CPx-Fh and CPx-Fv correlations 
(P <0.0001), highlighting the increase in mean correla- 
tions from the touch to the force contact conditions. 

The average time lags at which the maximum corre- 
lations were found in each condition are also shown in 
Fig. 5a, b. CPx-Fh and CPx-F v time lags increased on 
average by over 200 ms from the force (DF and VF) to 
the touch (DT and VT) conditions. These increases were 
significant (P <0.001). In every case, the time lags were 
positive, meaning that changes in contact forces at the 
fingertip were ahead of changes in CPx sway. 

Power spectra 

The CPx mean power frequency (MPF) of each condi- 
tion is shown in Fig. 6a. MPF of CPx sway hovered 
around 0.5-0.6 Hz and showed no statistical differences 
across conditions (P > 0.1). 

CPx sway mean total power, shown in Fig. 6 b, was 
clearly influenced by vision and fingertip contact forces. 
It was highest in the dark (D) condition, and decreased 
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Fig. 4 Overlaid time series of CPx sway (solid line) and horizontal 
fingertip force (dotted line) in (a) vision-force contact (VF) and (b) 
vision-touch contact (VT) conditions. Individual correlations and 
time delays for each trial are shown. Note different scales of finger- 
tip force are used on right y-axes of (a) and (b) 

when vision or fingertip was added, as shown by a sig- 
nificant vision x contact interaction effect (P < 0.0001). 
Together, the MPF and MTP results clearly show that 
touch inputs stabilize postural sway similar to vision. 

Sway velocity 

CPx mean sway amplitude was significantly larger in the 
(D)ark and (V)ision conditions, but CPx mean power 
frequency was equivalent across all conditions, implying 
that sway velocity must have increased in the D and V 
conditions. Figure 7 confirms that CPx sway velocity in- 
creased in each condition in which mean CPx sway am- 
plitude was also greater (compare with Fig. 2b). A 
statistical analysis revealed a significant vision x contact 
interaction effect (P <0.0001), primarily due to the in- 
crease in CPx sway velocity in the (D)ark condition. 
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Fv. Mean correlations were higher with force contact than touch 
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Discussion 

Contact of the index finger with a stationary bar attenu- 
ated postural sway in the tandem Romberg stance when 
subjects stood without sight of their surroundings 1. The 
reduction in amplitude (Fig. 2b) and spectral power 
(Fig. 6b) of body sway provided by fingertip contact 
was even greater than that contributed by allowing 

1 We recognize that center of pressure movement is not equivalent 
to center of body mass movement. Center of pressure movements 
tend to be larger and of higher frequency than center of mass 
movements (cf. Winter et al. 1990). To evaluate this relationship in 
the present situation a video system was set up to track a single 
LED located at a subject's navel as a measure of center of mass 
movements. In a retest of the experiment with two subjects from 
the original group, we found: (1) body sway to change proportio- 
nally to CP sway in each condition; and (2) correlations between 
CPx sway and medial-lateral body sway to average 0.89 with a 
2.3 ms time lag across all conditions. Thus, we may safely assume 
that, in the present study, all statements concerning CP sway 
apply as well to movements of the center mass 
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Fig. 7 Mean CPx sway velocity (MSV) collapsed across subjects 
for each condition. MSV followed the same pattern of results as 
MSA (see Fig. 2b) 

Fig. 6 (a) Mean power frequency (MPF) and (b) Mean total pow- 
er (MTP) collapsed across subjects for CPx sway in each experi- 
mental condition. MPF changed very little across conditions. The 
primary influence of vision and fingertip contact was on MTP 

sight of the surroundings. This was the case even though 
the force levels at the fingertip in the touch contact con- 
ditions were totally inadequate in providing significant 
mechanical stabilization of the body. In the conditions 
involving force contact of the index finger, the fingertip 
forces generated were almost fifteen-fold greater and ad- 
equate in providing significant mechanical stabilization 
of the body, albeit not to the level actually observed. 

Changes in contact force at the fingertip were highly 
correlated to body sway; however, the temporal rela- 
tionship between medial-lateral sway and fingertip con- 
tact force differed for the touch and force contact condi- 
tions, as we expected (see Fig. 5 a). With force contact, 
body sway lagged the finger force signal by approxi- 
mately 80 ms. In the touch contact conditions, there was 
a considerably greater time lag between medial-lateral 
sway and force at the fingertip, about 300 ms. The near- 
ly in-phase relationship between body sway and finger- 
tip contact forces in the force contact conditions (VF 
and DF) implies that fingertip contact forces are used to 
offset physically movements of the body's center of mass 
during force contact conditions. However, in the light 
touch, contact conditions, contact cues provide infor- 
mation about the position of the body. An increase in 
the horizontal fingertip force indicates body sway to the 

right, while a decrease in horizontal fingertip force indi- 
cates leftward sway. Some subjects were partly aware of 
this relationship between fingertip force and body posi- 
tion and later reported consciously 'letting up' on their 
finger as they swayed to the right, in order not to set off 
the alarm. This partially explains why fingertip forces in 
touch contact trials consistently led body sway. Because 
fingertip forces were not allowed to be large enough to 
balance center of mass movements, postural muscles 
had to be activated to counteract sway. Two to three 
hundred milliseconds is a reasonable time for reversing 
the direction of sway from a lateral to a medial direc- 
tion. Nashner (1976) has found, for example, that EMG 
activity occurs within 100 ms in response to perturba- 
tions of a standing subject's base of support, but that 
actual compensatory changes in sway can take 300 ms 
and longer to appear. These values correspond to those 
observed in our touch contact conditions: thus, EMG 
activity in postural musculature related to fingertip cues 
may be occurring within 100 ms, while the time delays 
associated with overcoming the inertial forces of body 
sway may be closer to 300 ms. We are currently evaluat- 
ing this possibility. 

To enhance postural stability using contact cues from 
the finger, it is necessary to monitor accurately the over- 
all configuration of the arm in relation to the torso and 
to register motion, displacement, and force level at the 
fingertip. Changes in arm-torso configuration and in the 
relation of the finger to the touch bar in the absence of 
voluntary arm and hand movements are due to move- 



ments of the subject's torso and therefore signal body 
sway. Similarly, changing stimulation at the fingertip 
without changes in arm joint angles also means the 
body is swaying. Subjects must be able to interpret ei- 
ther situation correctly in order to make appropriate 
postural corrections. 

A variety of physiological mechanisms are involved 
in postural stabilization by fingertip contact. Phillips 
(1985) has referred to the glabrous skin of the fingertip 
as the 'somesthetic macula', analogous to the fovea of 
the retina. He highlights a number of parallels between 
control of the eyes and of the fingers in terms of acquisi- 
tion of targets and maintenance of 'fixation'. As he 
points out, voluntary movements of the hand are sup- 
plemented by reflexes that maintain the hand in contact 
with objects of interest. Such an emphasis on 'active 
touch' (see also Gordon 1978) is crucial in understand- 
ing the present experimental observations. 

Knowledge of ongoing arm configuration is depen- 
dent on interrelating muscle afferent and other proprio- 
ceptive activity to motor commands (Burgess et al. 
1982; Matthews 1981, 1988). Area 3a of primary so- 
matosensory cortex receives muscle spindle signals from 
the arm and hand, and projects directly to topographi- 
cally related parts of area 4, the primary motor cortex, 
as well as to parietal cortex. In area 5 of parietal cortex, 
some neurons are 'kinesthetically truthful' and signal 
the direction of joint displacement whether achieved ac- 
tively or passively (Phillips 1985). The patterns of con- 
nectivity of area 3 a and area 4 also provide the anatom- 
ical basis for Phillips concept of an automatic, transcor- 
tical loop by which compensatory responses involving 
suprasegmental, long loop responses can be initiated 
with 50 ms of a perturbation. 

Interestingly, Marsden et al. (1981) have demonstrat- 
ed that compensatory reactions in response to a pertur- 
bation can be at a 'distance', if the perturbation disturbs 
an individual's upright stance. For example, compensa- 
tory activation of leg muscles will occur in response to a 
perturbation of the forearm in a standing subject. The 
key point is that leg muscle activity leads the actual 
displacement of the body, so that it is not a reflexive 
response to stretch of the leg muscles but an anticipato- 
ry innervation. These observations are fully consonant 
with the patterns observed in our light touch conditions. 

The receptors of the index fingerpad are quite well 
suited to providing information about the position and 
configuration of the finger in relation to the touch bar in 
our experiment. For example, cutaneous receptors are 
known to discharge in relation to joint angle (Hullinger 
et al. 1979; Knibest61 1975) so that finger joint move- 
ment can - in relation to other information about arm 
position - provide information about body sway. Slow- 
ly adapting (SA) cutaneous receptors, which are primar- 
ily responsible for tactual form and roughness percep- 
tion through the distribution of forces across the skin 
surface (Johnson and Hsiao, 1992), may also provide 
information about body sway with light touch contact 
through skin surface deformation (i.e., vertical or nor- 
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mal forces) or through 'skin stretch' (i.e., horizontal or 
shear forces) that is quite accurate and sensitive. For 
example, Srinivasan et al. (1990) have measured detec- 
tion thresholds for movement of a polished glass plate 
across the fingerpads. At levels of contact force equiva- 
lent to those in our light touch contact conditions 
(~20 g), when the plate was moved only enough to 
stretch the skin, its direction of motion was identified 
accurately more than 90% of the time. Subjects in our 
touch contact conditions thus can use the direction of 
index finger skin stretch and skin surface deformation to 
identify the direction of body sway movements. 

Further support for this interpretation can be found 
in 'precision grip' studies (Johansson 1991) in which the 
activity of single afferent fibers from cutaneous recep- 
tors in the fingertip is recorded while objects are lifted 
with the thumb and index finger. Maximal afferent ac- 
tivity is observed at approximately 30-50 g of load force 
(Westling and Johansson 1987). In the present experi- 
ment, all subjects spontaneously adopted equivalent 
levels of contact in the light touch contact conditions 
(~  40 g) even though they were allowed up to 100 g of 
force. This means that our subjects home in on a contact 
force range where receptor sensitivity is greatest and 
provides the highest resolution of directional change. 

Finally, the present paradigm with touch contact of 
the index finger may be envisioned as the entire body 
participating in a precision grip with the contact force 
on the fingertip being controlled. The index finger and 
arm form one segment of a pincer, the legs and torso, the 
other. The leg muscles are activated in a fashion such as 
to keep the force level at the index finger around 40 g 
and thereby reduce postural sway. That parts of the 
body not normally involved in precision grip could 
function in such a fashion should not be considered sur- 
prising. In postural tasks involving lifting or grasping, 
remote adjustments of body musculature shift the center 
of mass in an anticipatory fashion for the expected con- 
sequences of the impending movement of the hands or 
arms (Nashner 1982; see also Marsden et al. 1981). In 
our experiment, the fingertip touch signal is also elicit- 
ing postural responses in the leg musculature to limit 
center of mass sway. Similarly, Kelso and Tuller (1983) 
have shown that when movement of a body part is ob- 
structed (e.g., the jaw) during speaking, other body parts 
can compensate (e.g., lip movement substitutes sponta- 
neously for jaw movement), so that the functional goal 
of the intended task is accomplished. In fact, adaptive 
compensations seem to be a general feature of nervous 
systems. Katz (1950) has reported, for example, that if all 
six of a beetle's legs are removed, it will use its mandibles 
for locomotion. Such observations, like ours, mean that 
the nervous system can plan functional consequences at 
an abstract level and use multiple effector combinations 
to bring about the goal, as when one's signature retains 
its characteristic features when written with either hand 
or foot. 
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