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ABSTRACT

THE INFLUENCE OF SOME STIMULUS PARAMETERS O N  

HUMAN KINESTHETIC SENSITIVITY 

by

HOWARD LLOYD COHEN 

Advisor: Professor W illiam S. Battersby

Two ex p e rim en t w ere conducted in order to param etrically ev a lu a te  k inesthetic  

sensitivity  in four normal young adults. A highly precise system for the delivery of 

k inesthetic stim ulation and for th e  measurement o f angular displacem ent was used 

to assess sensitiv ity  a t th e  proximal interphalangeal joint o f the index finger o f the 

right hand. Sensitivity was measured as a  function o f angular v e lo c ity , angular 

displacem ent, and stimulus duration, and three starting positions o f the joint and 

tv/o directions of movement were investigated . Two psychophysical procedures— 

a com bination of th e  methods of adjustm ent and constant stim uli, and the method 

o f constant stim uli— w ere em ployed, and two response measures— percen t co rrect 

detection  and response tim e—were used.

In Experiment 1, the  k inesthetic  stimuli consisted of all com binations o f seven 

ve loc ities  ( .1 5 , .3 0 , .8 0 , 1 .5 , 3 .0 ,  6 .2 ,  and 1 1 . 0 sec.  ) and two directions 

o f movement ( up, down ) .  The stimuli w ere randomly presented, bu t w ere b locked 

across th ree  starting  positions o f the jo in t ( 15°, 25°, and 35° from the  vertical ) .  

The psychophysical procedure employed was a combination o f the methods of ad just­

m ent and constant stim uli, in which the duration o f each velocity  -  direction com ­

bination was increased to a  maximum of 10 seconds. Upon de tec ting  movement.



the  sub jec t pressed a  telegraph key which term inated the stimulus and gave a m eas­

ure o f response tim e. A verbal response indicating the direction o f movement was 

also requ ired . A stimulus not detected  w ithin 10 seconds was considered a  miss. 

Percent co rrect detection  and response tim e were each  p lo tted  as functions o f log 

angular v e lo c ity , for each  direction and starting position, and threshold angular 

ve lo c ities  ( 50% correct detection  ) were o b ta in ed . In order to assess the s ta tis tic ­

al s ignificance o f the effects o f v e lo c ity , d irec tio n , and starting position on each  

o f  the  dependent measures, individual 7 x 2 x 3  analyses o f  variance , with rep ea ted  

measures on each  fac to r, were performed on the group d a ta .  The results ind icated  

th a t w hile the main e ffec t o f velocity  was sign ifican t for each  dependent m easure, 

the main effects of direction and starting position w ere n o t.

The purpose of Experiment 2 was to obtain 1) a  measure o f passive movement 

sensitiv ity  not confounded by the sub ject's  response m ode, 2) a  true indicator of 

angular displacem ent sensitiv ity , and 3) a  more accu ra te  determ ination of the low ­

e r  lim its o f passive movement sensitivity than was seen in Experiment 1. In Experi­

m ent 2 , which used the same subjects and apparatus, the psychophysical procedure 

em ployed was the method o f constant stim uli. The k inesthetic  stimulu consisted o f  

all com binations o f six velocities ( .0 5 , .1 0 , .1 5 , .3 0 , .8 0 , and 1 .5 ° /  sec. ), 

six durations ( 1 , 2 ,  4 , 6 , 8 , and 10 seconds ) , and two directions ( up , down ) .

The starting position o f the joint was kept constant a t 2 5 ° from the v e rtic a l. Upon 

de tec ting  movement, the subject gave a  verbal response and  also identified  the  

movement d irec tio n . Percent co rrect detection  was p lo tted  as a  function of both 

log angular ve locity  and stimulus duration . A 6  x  6 x  2 analysis o f variance, w ith



rep ea ted  measures on each  fac to r, was performed on the group data  in order to 

assess the effects  o f v e lo c ity , duration, and direction on de tec tio n . The results 

ind ica ted  th a t each  o f the main effects , as well as the velocity  by duration in te r­

ac tio n , was s ign ifican t. N ex t, each velocity  -  duration com bination was m ulti-
v

p lied , in order to obtain a range of angular displacem ents. Percent correct d e ­

tec tion  was then p lo tted  as a  function of log angular displacem ent, and  threshold 

angular displacem ents ( 50% correct detection  ) were ob tained .

The results o f both studies ind icate  th a t passive movement sensitivity  is influ­

enced  by both the  angular ve locity  and angular displacem ent of the  movement. 

There is additional ev idence from Experiment 2 , th a t differences in d irectional 

sensitiv ity  a t low angular velocities may be manifested when the jo in t is ro tated  

near to its movement lim it.
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CHAPTER 1

INTRODUCTION

Though his eyes be shut, a man knows about the position 
and posture o f his body, and w hether its parts a re  moving 
or exerting effort in sustaining a  weight o r in pressing 
against resistance. If this be kinesthesis, then no philo­
sopher can ever have doubted its ex is ten ce .

E . G .  Boring ( 1942 )

Investigations into k inesthetic  sensitivity  have generally  proceeded along two 

lines o f research: the elaboration of the physiological mechanisms through which 

jo in t afferent information is m ediated, and its psychophysical assessment in the 

human observer. W hile much has been accom plished toward defining the kines­

th e tic  contributions from jo in t, m uscle, and cutaneous receptors and the mapping 

o f central k inesthetic pathw ays, the psychophysical investigation of kinesthesis 

has suffered from a paucity  o f experim ental findings, many of which have been 

inconsistent and even contrad ictory .

In the following psychophysical study, k inesthetic  sensitiv ity  is assessed v ia  an 

electrom echanical system designed to provide both more precise stimulus control 

and more accurate  response measurement than have ty p ica lly  been used. In two 

param etric experim ents, an attem pt is made to resolve some of the differences re ­

ported in the ea rlie r  psychophysical studies, and to explain  the results on the  basis 

o f possible physiological mechanisms. Reviews o f the re levan t psychophysical and 

physiological litera tu re  can be found in Chapters 1 and 2, respectively .

O n e  technique by which k inesthetic sensitivity  has been assessed is the passive 

movement procedure, wherein the  param eters o f movement, e . g . ,  v e lo c ity , d ire c -



H on, angular displacem ent, starting position of the jo in t, e t c . ,  a re  m anipulated by 

the  experim enter. Psychophysical studies employing this technique have proceeded  

along several lines o f research , among which are the determ ination o f I) physiologi­

cal mechanisms m ediating k inesthetic sensation, 2) threshold sensitiv ities o f  various 

jo in ts, 3) effects o f increasing angular velocity  o r angular displacem ent on th resh­

o ld  sensitiv ity , 4) differences between thresholds for movement de tec tion  and  for 

d irection  iden tifica tion , 5) threshold differences as a function of d irection  o f move­

m ent, and 6) e ffect o f starting position of the jo in t on threshold sensitiv ity .

Identification  o f the receptors responsible for k inesthetic sensation

M any psychophysical studies o f kinesthetic sensitivity have attem pted  to  define 

the re la tiv e  contributions of jo in t, m uscle, and cutaneous receptors ( see C hap ter 2 ) 

G oldscheider ( 1889 ) believed  that kinesthetic sensation o rig inated  prim arily , or 

even so le ly , from receptors in and around the joint capsule, and was due m ain ly  to 

friction between the a rticu la ting  surfaces and to pressure on the jo in t cap su le . The 

basis for this be lie f was a series o f studies in which G oldscheider found th a t fa rad ic  

stim ulation across a joint e lev a ted  its movement threshold. M uscles and tendons 

were assumed to make a minor contribution to k inesthetic  sensitivity  because th resh­

olds w ere not significantly  affected  by the position of the lim b, i . e . ,  flexion o r 

ex tension . G oldscheider's conclusion was c ritic ized  ( PilIsbury, 1901; W in te r ,1912 ) 

firs t, because there was no histological evidence for receptors in the  a rticu la tin g  

surfaces, and second, because faradic stimulation even distal to the jo in t under 

observation could increase threshold. For exam ple, passing a  current across th e  

wrist jo in t e lev a ted  the passive movement threshold a t the elbow  as much as d id



stim ulation across the elbow  itse lf . Simultaneous stim ulation o f both the wrist and  

elbow  joints raised the threshold even further. Since this e ffec t could  not have been 

the result o f  stim ulating articu la r receptors, it was concluded th a t m ediation o f th e  

e ffec t could only have been through stretch receptors in the tendons and ligam ents 

a t the insertions o f the muscles.

Threshold sensitiv ities o f the various joints

G oldscheider ( 1889 ) , acting  as his own sub jec t, ran over 4000 tria ls  and tested  

the  sensitiv ities o f nine joints: the first and second in terphalangeal, the m etacarpo­

ph a lan g ea l, the w rist, elbow , shoulder, h ip , knee, and an k le , all on the  le ft s id e . 

Threshold was defined as th a t angular displacem ent th a t was d e tec ted  on 50% o f 

the  tria ls . It was found, in g en era l, th a t threshold angle increased along a p rox i­

mal -  distal g rad ien t. Thus, the threshold a t the ankle joint was approxim ately 

tw ice  th a t a t the hip jo in t. In a  sim ilar study ( Laidlaw & H am ilton, 1937b ) , pass­

ive movement thresholds were assessed a t many of the same joints, bu t on both sides 

o f the  body. W hile there  were no la te ra lity  differences in threshold , the proximal -  

distal gradient was again dem onstrated, with the hip joint having th e  greatest sen ­

s itiv ity . The proximal -  distal gradient o f k inesthetic  sensitivity  is in contrast to  

th a t for cutaneous sensitivity  ( two point threshold ), wherein the distal elem ents 

are more sensitive than are the  proximal ( V ierordt, 1869 ) .

Effect o f increasing e ith er angular ve loc ity  or angular displacem ent on threshold 

sensitiv ity

As one increases e ith e r angular velocity  or angular d isplacem ent, it would be



ex p ec ted  th a t threshold angle would decrease and detection rate  would in crease . 

U nfortunately, these relationships have not been reliably dem onstrated. For exam ­

p le , W inter ( 1912 ) used angular velocities o f .75 to 5 .26  mm. /  s e c . ,  and in ­

stead o f finding a  systematic decrease in threshold angle as velocity  in creased ,he  

found both increases and decreases. Cleghom  and Darcus ( 1952 ) found th a t, w ith 

a  fixed angular displacem ent and over the range of velocities used ( .05 to .25  d e g . /  

s e c . ) ,  detection  was an Increasing function o f velocity  up to a  point o f maximum 

perform ance ( .2 0 ° / sec . ) ,  beyond which there was a  decrease in performance 

which they a ttribu ted  to a  decreased time facto r. It was proposed th a t, .a t h igher 

v e lo c itie s , the movement becomes more o f a  jo lt, which could have been missed 

w ith the  slightest relaxation o f a tten tio n . More recent studies ( G andevia & 

M cCloskey, 1976; Kokmen, Bossemeyer, & W illiams, 1977), how ever, have been 

more successful in demonstrating the expected  relationships. The first study ( G a n ­

dev ia  & M cCloskey, 1976 ) assessed sensitivity at the distal interphalangeal jo in t 

and exam ined subjects under three conditions. Under the first two conditions, th e  

jo in t was moved a t angular velocities o f 1° to 10°/ s e c . ,  through e ith er a  constan t 

10 displacem ent o r for a  constant 1 .2  second duration . Under the  last cond ition , 

the jo in t was moved a t a  constant 8V  se c . velocity  over angular displacem ents o f  

2 .5 ° , 5 .0 ° , 7 .5 d, and 10 .0°. The results indicated that when the jo in t was m oved 

over a constant angular displacem ent, or for a constant duration, detection was an 

increasing function of angular v e lo c ity . When velocity  was held constant, d e tec tio n  

was an increasing function of angular displacem ent. The second study ( Kokmen, 

Bossemeyer, & W illiams, 1977 ) measured sensitivity a t both the m etacarpophalan­

geal and m etatarsophalangeal jo in ts. A modified von Bekesy procedure was used/



and both upper and low er thresholds were ca lcu la ted  for sinusoidal stimuli o f  .5  

and 5 .0  H z .,  over angular displacements up to  10°. The thresholds obtained a t 

both joints were found to be inversely related  to  the frequency of stim ulation. The 

differences ob ta ined  w ere significant a t  P < .0 0 1 .

Differences betw een thresholds for movement detection  and for d irection iden tifica ­

tion

There is much ev idence to ind icate  th a t a t threshold v e lo c ities, the detection of 

movement and the identification  o f direction do not occur sim ultaneously. G old ­

scheider ( 1889 ) reported that o ften , a t  the slowest veloc ities, there  was only an 

awareness o f movement, but not of d irec tion . Cleghom  and Darcus ( 1952 ) 

found th a t w hile the detection  ra te  for all stimuli presented a t the elbow  joint was 

82% , th a t for the  iden tification  of direction was only 67% . Using an angular velo ­

c ity  o f .2 0 ° / se c . and a criterion  of 80% correct d e tec tion , they found that while 

the threshold angle for movement detection was only .8°, th a t for th e  identification 

o f d irection was 1 .8 °. It has been pointed out ( Cohen, 1958 ) that if  one assumes 

th a t the same receptors m ediate both sensations, it is logical to  expect that a  more 

precise sensation would rep lace  a  more vague one , as progressively more information 

is produced by the  o rig inally  ac tiv a ted  receptors.

Horch, C lark , and Burgess ( 1975 ) , in a  re lated  study, used a variation o f the 

passive movement procedure to  assess sensitivity  a t the knee joints. The subject, 

sea ted , with both knees in the same starting position, was required to report when 

the movement o f one limb produced a just no ticeab le  difference in the alignment 

o f the  two lim bs. W hile angular velocities o f less than lV  m in. produced no re ­



liab le  sensation o f movement, an angular displacem ent o f 3° to 4 ° a t  this v e lo c ity  

resulted  in a  perception o f a lte red  position . On the basis o f  these findings, it was 

postulated th a t the knee jo int con tained  two populations o f receptors: a  very  slow ­

ly  adap ting , o r even nonadapting type o f position de tec to r, and a  rapidly  adap ting  

type o f  movement d e tec to r.

Threshold differences as a  function of direction of movement

Research into w hether the  direction o f movement has any e ffec t on threshold 

sensitiv ity  has gen era lly  produced contradictory results. W hereas G oldscheider 

( 1889 ) found th a t a t  the elbow  joint there  was a  g rea te r sensitiv ity  to flexions 

( upward movements ) , in contrast, both W inter ( 1912 ) and Cleghom  and Darcus 

( 1952 ) found there  was g rea ter sensitiv ity  to extensions ( downward movements ) .  

W inter also found reversals in d irectional sensitivity as angular v e lo c ity  increased . 

In contrast to the above, several studies have reported no d irectional differences 

( Browne, Lee, & Ring, 1954; G andevia & M cCloskey, 1976; Laidlaw & H am ilton, 

1 9 3 7 b ).

Effect o f starting position o f the joint on k inesthetic sensitivity

Although several studies have exam ined the effects o f changes in starting  posi­

tion on threshold sensitiv ity , almost none appear to have done so in a  system atic 

m anner. Early studies ( G oldscheider, 1889; W inter, 1912 ) reported con trad ic to ry  

findings. W hereas W inter ( 1912 ) found th a t changes in starting position produced 

appreciab le  threshold d ifferences, G oldscheider ( 1889 ) found no such e ffec ts .

Both sets o f results w ere used to  argue e ith e r  for o r against the contribution o f



m uscle receptors to k inesthetic  sensitiv ity .

As c ited  e a r lie r , C leghom  and Darcus ( 1952 ) found th a t, a t  the elbow jo in t, 

th e  detection  rate  for extension movements was sign ifican tly  h igher than that for 

flex ions. W hile not sp ec ifica lly  investigating the effects  o f changes in starting po­

sitio n , they  did n o te , in a  prelim inary investigation, th a t the  de tec tion  ra tio  b e ­

tw een extensions and flexions varied  system atically with jo in t position; the highest 

ra tio  a t  10® from full ex tension , and then decreasing a t 30° and again  a t  45° from 

the v e r t ic a l . These results were attribu ted  to differences in the  pull o f gravity  

which somehow m odified the sensation of passive movement arising from the dorsal 

and ventral surfaces o f the  forearm .

As ind icated  in the aforem entioned psychophysical studies, th e  results are often 

h ighly  variab le  and even contrad ictory , i . e . ,  the effects o f  d irec tio n , starting 

position , and angular v e lo c ity  on threshold ang le . Table 1 compares the  results of 

five studies th a t exam ined passive movement thresholds a t  th e  elbow  jo in t. If one 

exam ines the thresholds ob ta ined  in each of these studies, it is ev id en t th a t w hile 

th e  largest threshold was ob tained  a t th e  lowest velocity , threshold angle did not 

decrease system atically  as angular ve locity  was increased.

It is qu ite  probable th a t the paucity  o f rep licab le  results is due to  the  fac t th a t 

kinesthesis has rare ly  been investigated v ia  standardized equipm ent a n d /  o r pro­

cedures. For exam ple, there  have been major differences in the  way the  kines­

th e tic  stimulus has been produced, with diverse systems of stimulus delivery  using 

hydraulic ( G o ldscheider, 1889; Horch, C lark , & Burgess, 1975 ) , e lectrom echani­

cal ( Browne, Lee, & Ring, 1954; G andevia & M cCloskey, 1976; Kokmen, Bosse­

m eyer, & W illiam s, 1977 ) ,  and even manual control ( Laidlaw  & Ham ilton, 1937b).



TABLE 1

Summary o f the Studies M easuring Passive Movement Thresholds a t  

the  Elbow Jo in t

Range o f Speed o f Range of
Investigator Movement ( d e g . /  sec . ) Threshold

G oldscheider ( 1889) . 7 -  1 .4  .40  -  .76

Pillsbury ( 1901 ) .33 .43  -  .85

W inter ( 1912 ) .08  -  .56 .20  -  2 .8 2

Laidlaw and Hamilton ( ) . 16 .30  -  2 .5 0
( 1937b )

Cleghorn and Darcus .05  -  .25 .8  -  1.8*
( 1952 )

* S n a lle r  value is 80% correct detection of movement 
Larger value is 80% correct identification  of direction 
Both values were obtained a t an angular velocity  o f .20 d e g . /  s e c .



Sim ilarly , there have been wide differences in th e  precision o f the  methods used to 

measure angular d isp lacem ent. These methods include reading th e  angular values 

from a sca le  ( Browne, Lee, & Ring, 1954; G oldscheider, 1889; Laidlaw & Ham il­

to n , 1937b ), from an inkw riter deflection  proportionate to the angu lar displacem ent 

( G andevia  & M cCloskey, 1976; Horch, C lark , & Burgess, 1975 ) , and from a  

m inicom puter d ig ital display ( Kokmen, Bossemeyer, & W illiams, 1 9 7 7 ). O f equal 

im portance with the  d ifferences in measurement technique is the fa c t th a t none of 

the  systems used, has included a brake mechanism to term inate the stim ulus. W ith­

ou t this con tro l, it is possible because o f both the inertia  in the system and the 

elapsed  tim e betw een detection  and measurement, the  nagular displacem ent measured 

is larger than the angular displacem ent d e tec ted .

Experimental design and procedural differences have also con tribu ted  to many of 

the d iscrepancies reported . Among the  factors th a t have differed include the  psycho­

physical m ethods, e . g . ,  limits ( Browne, Lee, & Ring, 1954; Kokmen, Bossemeyer,

& W illiam s, 1977) and constant stimuli ( Cleghom & Darcus, 1952 ), the  use o f 

ca tch  tria ls  ( Browne, Lee, & Ring, 1954 ) or th e ir exclusion ( Kokmen, Bossemeyer, 

& W illiam s, 1977 ) ,  and the response modes, e . g . ,  verbal ( Cleghom  & Darcus,

1952; Laidlaw & Ham ilton, 1937b ) o r  psychomotor ( Browne, Lee, & Ring, 1954; 

Kokmen, Bossemeyer, & W illiam s, 1 9 7 7 ).

The purpose o f the present research was to assess kinesthetic sensitiv ity  under 

conditions o f more precise stimulus co n tro l, more accu ra te  response measurem ent, 

and w ith more procedural rigor than has typ ica lly  been em ployed. M easures w ere 

made on four normal human subjects. The two experim ents that w ere conducted



used two psychophysical procedures: a  combination o f the methods o f adjustm ent 

and constant stimuli and the  method of constant stim uli, and two response modes: 

psychomotor and v e rb a l. K inesthetic sensitivity was evalua ted  v ia  two dependent 

measures: percent co rrec t detection  and response tim e. The effects o f angular velo 

c ity , d irection o f m ovem ent, and the starting position o f the  jo in t w ere system atic­

a lly  evaluated  for each  dependent measure.



CHAPTER 2

LITERATURE REVIEW: THE PERIPHERAL AND CENTRAL MECHANISMS 

UNDERLYING KINESTHETIC SENSITIVITY

Jolnfr Receptors

The jo in t capsu le , which is ligamentous in natore , both surrounds and binds 

the jo in t . Its shape and thickness vary in order to conform to the demands p laced  

upon the jo in t. The synovial membrane, a  structure found within the capsule w a ll, 

secretes synovial flu id , which lubricates the articu la ting  surfaces and reduces the 

friction betw een them ( Howard & Templeton, 1966; K elley, 1971 ) . The joint 

receptors are a  type of m echanoreceptor for which the adequate stimuli include 

changes in length , tension, compression, shear forces arising from the effects o f 

g rav ity , th e  re la tiv e  movement o f body parts, and the contraction of muscle itse lf 

(A dam s, 1977; G rigg , 1975; Howard & Templeton, 1 9 6 6 ). There is general agree 

ment th a t the  jo int receptors are o f three major types: free nerve endings, Pacinian 

corpuscle -  like encapsulated  structures, and spray type endings. These spray end ­

ings are further classified as Ruffini -  like receptors when situated in the jo in t c ap ­

su le , and as G olgi tendon organs when situated in the ligaments ( Skoglund, 1956; 

1973 ) . The morphological characteristics o f these receptors show wide variab ility  

within and across species ( Polacek, 1966 ) .

The experim ental determ ination of the response properties o f these receptors 

has ty p ica lly  focused upon the articu la r nerves ( posterior, m edial, and la tera l ) 

in the knee joint o f the c a t ,  w hile a  lesser number of studies in o ther species, e . g .  

monkey, and at o ther jo in ts, e . g . ,  wrist and elbow , have generally  confirmed



the findings in this p reparation . O n the basis o f ex tracellu lar recordings, the  

Ruffini endings in the Joint capsule and the G olgi tendon organs in th e  ligam ents 

have been classified as slowly adapting receptors, while the Pacinian corpuscle, 

em bedded in the deep tissue of the joints, has been classified as rapidly adap ting  

( Boyd, 1954 ) .  The Ruffini endings are highly sensitive a t threshold , tend  to  have 

narrow excita to ry  angles, and respond with an increased discharge frequency to  

e ith er one or two directions o f movement. They are not true position d e tec to rs, 

how ever, since they a re  also responsive to capsular changes produced by muscle 

( Adams, 1977; 0<lund & Scoglund, 1960 ) .  The G olgi tendon organs in the lig a ­

m ents, on th e  o ther hand, respond primarily to one direction o f movement, are no t 

influenced by changes in muscle tension, and m aintain their discharges for prolong­

ed  periods. As such, these receptors seem to  be ex ac t indicators o f both Joint posi­

tion and d irection  of movement ( Skoglund, 1956 ) .  Because o f th e ir  low sensitiv i­

ty , they  do n o t, presumably, signal ve loc ity .

Stimulation o f a  slowly adapting recep tor, e . g . ,  Ruffini ending , produces an 

in itia l high frequency d isch a rg e ,ca lled  the dynamic frequency ( Adams, 1977 ) ,  

which is d irec tly  proportional to the velocity  o f movement. Following stimulus 

offset, this discharge frequency then decays to a  ton ic  level which may persist for 

hours, and which presumably, therefore, reflects the position o f the limb ( Boyd & 

Roberts, 1953; Skoglund, 1 9 5 6 ).

On the o ther hand, stim ulation o f a  rapidly adapting recep to r, e . g . ,  th e  

Pacinian corpuscle , produces a  discharge frequency which appears to be unrela ted  

to  movement v e lo c ity , d irection , o r starting position of the Joint ( M cCloskey,

1978 ) .  For this reason, the Pacinian corpuscle may be classified as a  movement



d efec to r ( e ith e r veloc ity  or accelera tion  ) , o r may simply a c t to signal the onset 

o f movement ( Burgess & Perl, 1973 ) .

The classically  accep ted  b e lie f was th a t jo in t receptors provided continuous 

monitoring of joint an g le . The earliest research suggested th a t each  recep to r had 

a  lim ited range and a precise excita to ry  angle a t  which i t  d ischarged m axim ally 

( C ohen, 1955; 1956 ) .  These excita to ry  angles, which could  be as narrow as 3°

( C ohen, 1955 ) , were considered to provide a  specific signal for each  successive 

jo in t position during movement ( Adams, 1977 ) , and to be more or less uniformly 

d istributed throughout the en tire  range ( M atthew s, 1977 ) .  According to  this 

v iew , each  position o f the limb apparently  ac tiv a ted  a  new population o f jo in t re-* 

c e p to rs .lf  tru e , this could  be strong evidence tha t these receptors m ediated the 

appreciation  of both movement and d ire c tio n . However, ev idence from o ther sour­

ces questioned w hether these receptors d id , in fac t, provide continuous signaling 

o f jo in t ang le  ( G rigg , 1975 ) .  Unit recordings from joint receptors have revealed  

th a t most slowly adapting receptors fire primarily a t the extrem es o f flexion o r e x ­

tension ( Boyd & Roberts, 1953; Burgess & C lark , 1969b; M cC all, Farias, W illiam s, 

& BeMenf, 1974; Skoglund, 1956 ) , and that only a small population responds to 

th e  in term ediate positions of the  lim b. Thus fa r, the specific  response ch a rac te r­

istics o f this la tte r  recep tor type do not appear to have been defined .

M illa r ( 1973 ) found th a t interm ediate range receptors ( present in about 50%  

o f his c a t elbow  joint preparations ) fired a t high frequencies only when a t  the e x ­

tremes o f movem ent. In contrast, Burgess and Clark ( 1969b ) and C lark and Bur­

gess ( 1975 ) report for these receptors th a t it was necessary for the limb to be so 

n ear the  extrem es o f flexion or extension th a t the stimulus could  be considered



n o c icep tiv e , in a n /  ev en t, the population o f these receptors appears to be so 

small and variab le  th a t it is questionable whether th e /  could a c c u ra te l/  encode 

limb position and movement ( Burgess & C lark , 1969b; C lark & Burgess, 1975 ) .

In a  series o f studies using the ca t knee joint preparation ( iden tical to  th a t  of 

Boyd & Roberts, 1953 ) , G rigg ( 1975; 1976 ) and Grigg and G reenspan ( 1977 ) 

have dem onstrated th a t holding the tib ia  -  femur angle constant a t an in term ediate 

position , and inducing an isometric contraction in the ad jacen t muscles by e le c tr ic  

shock, could ac tiv a te  the  jo in t afferents. This finding suggests th a t many o f the  

jo in t afferents th a t respond to  interm ediate positions of th e  limb do so by v irtue o f 

the  m uscular connections to the joint capsule, and not because of the  properties of 

the recep tor itse lf . According to M atthews ( 1977 ) , the finding th a t a ltera tions 

in muscle tension can exert an influence on the jo in t capsule and, as a  consequence, 

the  firing ra te  o f joint receptors, means th a t, " in order to  in terpret the discharge 

ra te  of jo in t recep to r neurons, the prevailing level and distribution of motor a c tiv i­

ty  would also have to be taken into account " ( p . 138 ) .

Further ev idence th a t the  relationship  between joint receptors and kinesthesis 

is a  complex one comes from two studies th a t attem pted to re la te  the frequency o f 

discharge to the d irection  o f movement ( Burgess & C lark , 1969b; M cC all, Farias, 

W illiam s, & BeMent, 1974 ) .  Both of these studies in itia lly  reported a  population 

o f receptors th a t fired  m axim ally a t the extremes o f e ith er flexion or extension 

( single ended ) .  M oreover, they  also describe a population of receptors th a t a p ­

paren tly  fired with the same discharge ra te  to the extrem es of both flexion and e x ­

tension ( double ended ) .  In the  first study ( Burgess & C lark , 1969b ) , double



ended  receptors far outnumbered the single ended. In the second s tu d / ( M cCall 

e t .  a l .  1974 ), on the o ther hand , double ended receptors numbered half o f the 

single ended ones and , with the  limb positioned n ear e ith e r extrem e of movement, 

the frequency of discharge, as a  function of {oint an g le , was bell shaped. This 

ind ica ted  th a t there was a  discharge ra te , less than m axim al, th a t was produced 

r by two different limb positions. At present, the differences betw een the two stud­

ies remain unresolved and require further work.

M uscle Receptors

The question of w hether the impulses arising from within the muscle itself can 

be consciously perceived has been debated  since Bell ( 1826 ) proposed the ex ist­

en ce  o f a separate " muscle sense " ( p . 163 ) .  There are experim ental results 

both for and against this co n cep t. Against this concep t Stands the fa c t that kines­

thesis can be lost when a jo in t is anesthetized  via in filtra tion  with a  local anesthe­

t i c ,  w hile the muscles remain functional ( Provins, 1958 ) .  Second, there is a 

lack  o f sensation produced by physically  pulling on an exposed tendon ( G elfan & 

C arte r, 1967 ) . F inally , there is ev idence indicating th a t stim ulation o f muscle 

receptors in human ex traocu lar muscles does not produce conscious sensation of 

changes in eye position ( Brindley & M erton, 1960 ) .  O thers, how ever, have 

contested  each  one of the foregoing results. First, it was found th a t with anesthe­

sia o f both cutaneous and joint afferents in the index finger, i t  was still possible 

to d e tec t movement, identify  its d irec tio n , and identify  the  term inal position, e . g . ,  

up o r down ( Goodw in, M cCloskey, & M atthews, 1972a ) .  Second, i t  was report­

ed  ( M atthews & Simmonds, 1974 ) th a t pulling on an exposed tendon so that the



muscle was stretched but the appropriate finger was not moved, e l ic i te d  sensations 

o f  movement referred to th a t jo in t. F inally , by using a  forced ch o ice  technique, 

tra ined  subjects, and a  procedure that minimized both discomfort and stress, S ka- 

venski ( 1972 ) dem onstrated, re liab ly , the conscious awareness o f  passive d isp lace­

ment o f the eye .

Regardless o f these findings, if  muscles are insen tien t, then a  com plete loss o f 

k inesthetic  sensitivity should result from any procedure which would elim inate  the 

afferen t impulses from jo in t receptors. Two lines o f investigation on human subjects 

have demonstrated th a t this prediction is probably in co rrec t. In th e  first a fter 

com plete removal o f the  joint capsule, postoperative testing  with c lin ica l te c h ­

niques revealed  k inesthetic  sensitivity to be within normal limits ( Cross & M cClos- 

key , 1973 ) .  In another study ( G rigg , Rnerman, & Riley, 1973 ) ,  several psycho­

physical procedures ( d e tec tion , magnitude estim ation, and m agnitude production ) 

w ere used to  compare the  sensitivity a t  the operated hip jo in t ( jo in t capsulectom y ) 

with th a t on the con tra la tera l s ide . Although sensitivity  was low er a t the  opera ted  

hip jo in t, the m agnitude o f the d ifference was s ta tis tica lly  sign ifican t in less than 

ha lf o f the cases. While neither o f the above authors c ite  these findings as co n ­

clusive evidence for the sensory contribution o f muscle receptors, Cross and M cC los- 

key ( 1973 ) feel th a t th is is a  strong possibility, and Grigg e t  a l . ,  ( 1973 ) postu­

la te  an " ex tracapsular sensory periphery " which would involve m uscle receptors 

and perhaps cutaneous receptors as w e ll .

The second line o f investigation involves those studies in which e ith e r a  local 

anesthetic  ( Browne, Lee, & Ring, 1954; G andevia & M cCloskey, 1976; Provins,



1958; W illiams, Bossemeyer, & Kokmen, 1977 ) o r a  combination o f local an esth e­

tic  and pressure cuffs ( G oodwin, M cCloskey, & M atthew s, 1972a; 1972b; W ill­

iams, Bossemeyer, & Kokmen, 1977 ) was used to elim inate capsular function and  

cutaneous ( touch ) sensitiv ity . The level o f cutaneous anesthesia was assessed 

v ia  standard c lin ica l testing ( pinprick , pressure, and touch ) a t  the  jo in t under 

observation . When anesthesia was com plete, k inesthetic  sensitiv ity  was then e v a l­

uated  by general c lin ica l techniques and found to be dim inished, but c learly  no t 

absen t. Both movement and direction could be iden tified , although it was necess­

ary to  increase e ith e r the ve locity  o f the  movement o r the magnitude of the e x cu r­

s ion . More in teresting ly , it was often possible to increase sensitiv ity  by having 

the  subject ac tiv e ly  con tract the  muscles involved ( Goodwin e t  a l . 1972a ) .  This 

la tte r  result has been confirmed by some ( Browne, Lee, & Ring, 1954; G andevia 

& M cCloskey, 1976 ) but not by others ( Provins, 1 9 5 8 ). However, it has been 

pointed out ( Goodwin e t a l . 1972a ) th a t the negative  study used only  one v e lo ­

c ity  o f movement, and this might have been below threshold for the muscle re c e p ­

tors involved.

Two studies ( G andev ia  8t M cCloskey, 1976; Goodwin e t a l . ,  1972a ) have 

taken advantage of the the  fac t th a t when the fingers are extended straight ou t 

and p a ra lle l, and the  middle finger is then ventroflexed a t the proximal in te rp h a l-  

angeal jo in t, it is impossible to move the distal interphalangeal jo in t because the  

term inal portions o f both flexor and extensor tendons are then s lack , so that co n ­

traction  of their muscles no longer influences the jo in t. This allows the assess­

ment o f k inesthetic sensitivity both with and w ithout the contribution o f muscle 

recep tors. If tested  psychophysically in this position, sensitivity  is g reatly  d im i­



nished . If anesthetized  in this position, the joint loses a ll position sense. W hen, 

how ever, the middle finger is then a ligned  with the ad jacen t fingers ( the muscles 

having been essentially  restored ) , k inesthetic  sensitiv ity  becomes greatly  enhanc­

e d .

Cutaneous Receptors

The contribution o f cutaneous receptors to k inesthetic  sensitivity  has been d iffi­

cu lt to evalua te  because digital nerves often supply both skin and joints ( Kokmen, 

Bossemeyer, & W illiam s, 1977 ) .  As a  consequence, any attem pt to  anesthetize 

one receptor type may in terfere with normal function in th e  o ther ( M oberg, 1 9 7 2 ). 

W hile the anatom ical findings are rather specific , both the  clin ical and experim ent­

al findings are generally  con trad ictory . Whereas Ferrier ( 1876) reported th a t in­

juries to spinal or peripheral nerves resulted  in defic its  in both cutaneous and k in ­

esthetic  sensitiv ity , Head and Sherren ( 1905 ) reported th a t such deficits could 

exist independently  of one another. The in terpretation of th e  experim ental find­

ings from human subjects is also problem atic. For exam ple, two studies ( C lark & 

Burgess, 1975; C lark , Horch, Bach, & Larson, 1979 ) have shown th a t local anes­

thesia  o f the skin overlying the  knee produces no serious impairment in sensitiv ity . 

O th er studies ( Browne, Lee, & Ring, 1954; Goodwin e t a l . 1972a; Provins, 1958 ), 

how ever, have found th a t kinesthetic sensitivity  o f the  toes and fingers was mark­

ed ly  decreased following anesthesia o f both skin and jo in ts, but no d efic it was ev i­

dent from interference with joint receptors alone ( Cross & M cCloskey, 1973; 

Goodwin e t  a l . ,  1972a ) . This suggests a  cutaneous contribution to  the k inesthetic 

sensitiv ity  o f the fingers and toes, but not to tha t o f the k n e e . A further problem



th a t has ye t to be resolved is the  nature o f the k inesthetic  inpu t, i . e . ,  w hether it 

is a  specific signal o f position and movement, o r a  cen tral fac ilita to ry  e ffec t on 

muscle and jo in t afferents ( G andevia & M cCloskey, 1976 ) . In summary, few  

studies have investigated the cutaneous contribution to k in esth e tic  sensitiv ity , and 

w here they  have done so, the findings are  often con trad ic to ry .

C entral Structures

K inesthetic sensation is ultim ately dependent upon th e  cen tral projections o f 

th e  appropriate receptors. However, because muscle nerves often  course through 

a rticu la r nerves, and because the  reverse is also tru e , one cannot be certa in  th a t 

the  central response reflects the activation  o f a  unitary type of k inesthetic  a ffer­

e n t ( M cCloskey, 1978 ) .  This com plication should be considered in the in te rp re t­

ation of studies o f central k inesthetic  responsivity .

While k inesthetic  impulses appear to  be transm itted o v er several pathways 

( sp in o -re ticu la r, sp ino-o livary , sp inocervicothalam ic, dorsal column -  m edial 

lem niscal, and the sp inocerebellar ), only  the la tte r two w ill be considered , as 

they  have been exam ined most ex tensive ly . The trad itional view  o f the dorsal 

column -  medial lemniscal system, as the primary pathw ay over w hich k inesthetic  

impulses are  transm itted cen tra lly , has been questioned by recen t e lec trophysio - 

lo g ica l, neuroanatom ical, and behavioral ev id en ce . For exam ple , it has been 

dem onstrated th a t the pathways carrying both muscle and jo in t afferents are o rgan­

ized  differently  in fasciculus cuneatus ( forelimbs ) and fasciculus g rac ilis  ( h in d - 

limbs ) .  W hile many joint ( C lark , Landgren, & Silfvenius, 1973 ) and muscle 

( Oscarsson & Rosen, 1963 ) afferents run the full length o f fasciculus cuneatus



to term inate in nucleus cuneatus, most fibers in fasciculus g rac ilis  leave th e  dorsal 

columns before reaching the upper lumbar cord ( W ebster, 1977 ) .  Behavioral e v i­

dence in support o f this electrophysiological finding comes from a  study ( V ierck , 

1966 ) in which a  monkey, conditioned to  respond to  the term inal position o f the 

low er leg , showed no apparent d efic it following a  m idthoracic dorsal column les­

io n . E x tracellu lar recordings from both c a t  and monkey ( Burgess & C lark , 1969a; 

W hitsel, P e truce lli, & Sapiro, 1969 ) found th a t less than 10% o f the deep  affer­

ents in the knee joint p ro ject to upper cerv ical leve ls. Those pro jecting  to ce rv i­

cal levels an d , more cen tra lly , to  nucleus g rac ilis , were predom inantly rapid ly  

adapting and were incapable  o f signaling limb position ( W illiam s, BeMent, Y in,

& M cC all, 1973 ) . In the  c a t ,  hindlimb afferents appear to  synapse in the  Column 

o f C larke and leave th e  lumbar cord to en te r the dorsal sp inocerebellar tra c t ( W eb­

s te r , 1977 ) .  Many units in this trac t are m onosynaptically ex c ited  by group 1 

muscle afferents ( O scarsson, 1973 ) and slowly adapting jo in t recep tors, e . g . ,  

Ruffini endings ( Lindstrom & Takata, 1972 ) .  The dorsal sp inocerebellar tra c t 

then projects to nucleus Z , which lies just rostral to nucleus g rac ilis , in the  floor 

o f the fourth v en tric le , and which contains units responding to m uscle, o r jo in t, 

o r cutaneous stim ulation ( Johansson & Silfvenius, 1 9 7 7 ). N ucleus Z in turn , 

projects to the  thalam us.

W hile the e lucidation  o f  spinal and brainstem pathways is ongoing, there  is, 

in con trast, overwhelming evidence th a t k inesthetic  afferents from both hindlimbs 

and forelimbs course through the medial lemniscus to term inate in the con tralateral 

ventrobasal ( VB ) complex o f the  thalamus ( M ountcastle, 1974 ) .  An extensive



investigation of the response properties o f thalam ic units ( M ountcastle , Poggio,

& W erner, 1963 ) dem onstrated th a t, like jo in t recep tors, they w ere maximally 

a c tiv a ted  a t  the extremes of limb m ovem ent. Movement within the  un it's  e x c ita ­

tory ang le  produced an in itial discharge frequency proportional to  the  movement 

v e lo c ity , and a  tonic discharge frequency th a t was a  function o f limb position. 

U nlike jo in t receptors, how ever, these units were prim arily single ended and fre­

quently  had excita to ry  angles extending over more than h a lf the  range o f m ovem ent. 

As a  resu lt, units responding to opposite directions o f movement shared overlapping 

ex c ita to ry  ang les. Such an arrangem ent was believed  to fa c ilita te  the  id en tifica ­

tion o f d irec tio n . With the limb in an interm ediate position, the discharge rate  

o f both flexor and extensor neurons would be low . However, if for exam ple, the 

limb was flexed , more flexor neurons would be recru ited , th e ir  discharge rates 

would increase, and the  discharge rates o f extensor neurons w ould, in contrast, 

decrease m arkedly. An additional finding was th a t ,  for a  large number o f units, 

the relationship between discharge frequency and m agnitude of angu lar d isp lace­

m ent was best described by a power fu n c tio n . However, two major criticism s have 

been leveled  at this study ( M atthew s, 1977 ) . First are th e  d ifficu lties in recon­

c iling  certa in  thalam ic unit response properties, with the response properties o f 

jo in t recep tors. Second is the fac t th a t the graded response to jo in t rotation may 

re fle c t e ith e r  a partia l o r a total input from muscle afferen ts, ra ther than a  to tal 

input from joint afferents, as M ountcastle e t  a l . ( 1963 ) have proposed.

W hile the thalam us, co rtex , and cerebellum  each  rece ive  m ajor k inesthetic  

inputs, it appears th a t only  thalam ic or co rtica l damage produces a  k inesthetic
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d efic it ( H ead, 1911; Holmes, 1917; Semmes, W einstein, G hen t, & Teuber, 1 9 6 0 ) . 

The thalam ocortical projection o f kinesthetic afferents term inates in sensorimotor 

co rtex . While it had previously been demonstrated in both c a t  and  monkey 

( M ountcastle, 1957; M ountcastle & Pow ell, 1959 ) th a t cortical evoked responses
N

could be e lic ited  by con tralateral joint ro ta tion , i t  was no t until more recen tly  

( Landgren & Silfvenius, 1969; Oscarsson & Rosen, 1963; Phillips, Pow ell, & 

W eisendanger, 1971 ) th a t such responses could be dem onstrated follow ing co n tra ­

lateral stim ulation o f both forelimb and hindlimb muscle a fferen ts. The failu re  to 

establish such cortica l projections had been used to  argue against th e  contribution 

o f muscle receptors to k inesthetic  sensation.

Studies o f cortica l cy toarch itec tu re  ( Powell & M ountcastle , 1959 ) showed 

th a t primary somatosensory cortex ( S I )  could be divided into four subdivisions, 

each  having different functional properties. From an terio r to posterior, these areas 

are 3a , 3b, 1, and 2 ( Pow ell, 1977 ) .  While areas 3a and 3b rece iv e  a  dense 

thalam ic input, th a t to  areas 1 and 2 is lighter and may represent co lla te ra ls  from 

3a and 3b afferents. Units in areas 3a and rostral 3b respond to  e le c tr ic a l stim ula­

tion of both muscle and cutaneous nerves, w hile those in a rea  3b also respond to 

adequate  cutaneous stim ulation . Units in area 2 respond to  jo int ro ta tion  and to 

e lec tr ica l stim ulation o f muscle nerves ( Schwartz, D eeke, & Fredrickson, 1973 ), 

and units in area  1 have properties common to those in both areas 2 and 3 ( Powell, 

1977 ) . Two ad jacen t areas to S 1 th a t also receive k inesthetic  afferen ts are areas 

5 and 4 .  Area 5 is posterior to S 1 and has a  large population o f units responding 

prim arily to  passive jo in t rotation on the con tralateral s id e . M any units not re ­



sponding to passive rotation w ill, in con trast, respond to active  rotation on the 

con tra la te ra l side (M o u n tcas tle , Lynch, G eorgopoulos, Sakata, & A cuna, 1 9 7 5 ) . 

A rea 4 ,  which is primary motor cortex ( M l ) ,  contains units responding to jo in t 

ro ta tion  an d , to a  lesser ex ten t, to muscle palpation and light touch ( Lemon & 

Porter, 1976; Rosen & Asanuma, 1972 ) .  W hile i t  is most likely  th a t  k inesthetic  

sensibility  is the result o f complex cortical in teractions, the nature o f this in te r­

a c tio n , the locus o r lo c i, and even the necessary afferents, remain to be deter^  

m ined.
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CHAPTER 3 

GENERAL METHODS

Subjects

The subjects were three graduate students and one postdoctoral student in the  

Department o f Psychology a t Queens C ollege o f The C ity  University o f New Y ork. 

There were th ree fem ales, Efy M G , and JB, and one m ale, RK, ranging in age 

from 24 to 37, and all w ere righthanded. They had all partic ipa ted  in previous 

psychophysical studies, but none had been tested for k inesthetic  sensitiv ity . They 

w ere informed as to the purpose and design of the study, and each subject p a rtic i­

pated  in the  two main experim ents. The subjects w ere paid a t the ra te  of $ 2 .5 0  

per hour.

Apparatus

A system for the delivery  o f k inesthetic  stim ulation ( see Fig. 1 ) was bu ilt 

around a m ultiple speed motor ( H oltzer -  Cabot CS -  147, 600 rpm, reversible 

synchronous motor, in conjunction with a  Harvard Apparatus N o. 600, m ultispeed 

transmission ) .  A se lec to r g ea r was used to engage any one o f 12 possible speeds, 

and , in the  neutral position, to  disengage the output shaft o f the m otor. The part 

o f  the system th a t ro ta ted , and was the source of the  k inesthetic  stim ulus, was 

f itted  with a  padded, spring loaded finger clamp th a t ,  by exerting la te ra l pressures, 

secured the d ig it being tested . A po in ter, mounted a t one end of this moving arm, 

ind icated  angular displacem ent on a 360° sca le . This s ca le , ca lib ra ted  in one d e ­

gree in tervals, was mounted a t the  axis o f  ro ta tio n . Fitted through this axis was



Diagram of the stimulus delivery  system for k inesthetic  stim ulation.
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the shaft o f a  potentiom eter ( TIC Model S262 continuous tum ,servom ount, 3 .5 k  

ohms, .5 %  lin earity  ) .  For the periodic ca lib ration  o f the  system, a  vo ltage from 

a regu lated  power supply ( H ew lett Packard 6216A ) was p laced across th e  p o ten ­

tiom eter, and the  output was fed  into an inkw riter ( Grass Type 5D , four channel 

polygraph ) . The angular displacem ent o f the arm resulted  in a  proportional d e ­

flection  o f  the inkw riter.

The overall tim ing control for the stimulus ( see F ig . 2 ) was provided by a  

waveform generator ( Tektronix Type 162 ) .  This unit triggered a  second w ave­

form generato r ( Tektronix Type 162 ) w hich, in tu rn , provided the tim ebase for a  

pulse generato r ( Tektronix Type 161 ) .  The pulse genera to r, acting  through a  

series o f relays, in itia ted  three even ts. Rrst it deenerg ized  an e lectrom agnetic  

brake ( Simplatrol Model CB -  50 clu tch  brake ) which was ex ternally  mounted 

around the  extended motor gearshaft, and w hich, when energ ized , prevented any 

rotational motion in th e  system . N ext i t  ac tiv a ted  the moving arm a t  a  preset v e ­

lo c ity , in a  given d irection ( up o r down ) , for up to 10 seconds duration . Lastly , 

it a c tiv a ted  a tim er ( Standard E lectric  ) th a t read to .01 seconds. The sub jec t 

responded to the de tec tion  o f movement by pressing a  telegraph k ey . This ac tio n  

energ ized  the b rak e ,te rm in a ted  the kinesthetic  stimulus, and stopped the  tim er, 

so that response tim e could  be recorded . If the sub ject did not d e tec t movement 

w ithin 10 seconds o f stimulus o nse t, the offset o f the timing pulse resulted in e n e r ­

gizing the  brake, term inating  the stimulus, and stopping th e  tim er.

Procedure

K inesthetic sensitiv ity  was assessed a t  the proximal interphalangeal jo in t o f



Fig. 2 Block diagram o f the  com plete system for stimulus delivery , response 

m easurem ent, and ca lib ra tio n .
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the  right index finger. The subject was seated beside and sligh tly  behind the  

stimulus delivery  system, and he e ith e r wore a  blindfold o r averted  his eyes from 

the equipm ent. The righ t forearm was p laced perpendicular to the  upper arm , and 

was supported by a  horizontal wooden armrest, w ith a  shallow  trough running down 

the m iddle. The hand was ventroflexed a t an angle o f about 4 5 ° , and the palm 

and fingers were p laced  upon another wooden rest and were secured  with an e las tic  

bandage . The righ t index finger was extended and was strapped down betw een the 

m etacarpophalangeal and the proximal interphalangeal jo in ts. The clam p was then 

app lied  to the la teral surfaces o f the finger betw een the proximal and distal in te r­

phalangeal jo in ts. The forces securing the jo in t were applied  perpendicular to  

th e  p lane o f movement, perm itting the finger to  pivot freely  around the proximal 

interphalangeal jo in t.



CHAPTER 4 

EXPERIMENT 1

Procedure

Each subject partic ipa ted  in 12 test sessions th a t were blocked into 3 series o f 

4  sessions each . W ithin each series, the starting position o f the jo in t was held con­

stan t a t  e ith er 15°, 25°, o r 35° from the v e r t ic a l . The sequence of starting positions 

was assigned to each  subject in a  quasi-random  m anner. The kinesthetic  stimuli 

consisted o f all com binations o f seven velocities ( .1 5 , .3 0 , .8 0 , 1 .5 , 3 .0 ,  6 .2 ,  

and 11 .0  d e g . /  sec . ) and two directions ( up, down ) .  The psychophysical method 

employed was a com bination of the methods of adjustm ent and constant stimuli .in 

which the duration of each  velocity  -  direction com bination, was increased to a 

maximum o f 10 seconds. A single session consisted o f 84 tria ls  given in 4 blocks o f 

21 tria ls  e a c h . The stimuli were randomly presented, and within the 10 stimuli a t 

each  o f the seven v e lo c itie s , there w ere equal numbers o f upward and downward 

movements. The 14 remaining tria ls  were catch  trials in which the gears were 

p laced  in the neutral position, the motor was ac tiv a ted  for 10 seconds, and no move­

ment occu rred . The subject was instructed th a t, upon detecting  movement, he was 

to press the  telegraph key situated  under his left hand. A verbal response, iden tify ­

ing the d irection o f movement, was also to  be g iven . To in itia te  a tr ia l ,  the e x ­

perim enter gave a verbal ready signal and the subject responded verbally  when 

ready . This foreperiod was of 3 to 10 seconds duration . Following the  detection of 

movement, or the timing out of the stimulus pulse, the experim enter recorded the



response time and d irec tio n , feedback as to the direction and /  o r v e lo c ity  o f  the  

stimulus was given following an undetected movement/ an incorrect iden tifica tion  

o f d irec tio n , a  successful detection  of a  catch  tr ia l ,  o r a false a larm . The in te r­

tria l interval was approxim ately 20 seconds; the interblock in te rv a l, from 3 to  4 

m inutes.

Data Analysis

The assessment o f k inesthetic  sensitivity was accom plished v ia  two measures, 

percen t correct detection  and response tim e. Response tim e ( in seconds ) is defined  

as the  sum of two temporal components: the duration of joint rotation necessary for 

movement d e tec tio n , and the reaction time of the keypress response.

Each dependent measure was p lotted  as a function of log angular v e lo c ity  ( see 

Table 2 ), for each  d irection and starting position. Threshold angular ve loc ities  

( 50%  correct detection  ) were then determ ined by graphic in terpo la tion . The s ta ­

tis tica l significance of th e  effects o f v e lo c ity , d irection , and starting position on 

each  dependent measure was assessed via separate 7 x 2 x 3  analyses o f  v arian ce , 

w ith repeated  measures on each  facto r, performed on the group d a ta . Post hoc tests 

w ere then conducted on each  significant main effect and in te ra c tio n .

Results and Discussion

F ig . 3 presents percen t co rrec t detection  as a function o f log angular v e lo c ity

/ I  o '2( in d e g . /  s e c .)  a t a  starting  position o f 15 for each  su b jec t. The solid line

represents upward movements; the  broken lin e , downward movements. Figs. 4  and

5 present, in a  similar, m anner, the  functions obtained  a t starting positions o f 25b
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TABLE 2

Angular V elocities Used in Experiments 1 and 2 and Their Logarithmic Equivalents

Angular V elocity  Logarithm
( d e g . /  s e c . )

Experiment 1

11.0

6.2

3 .0

1 .5

.8

.3

.15

.10

.05

1.04

.79

.48

.18

.10

.52

.82

- 1.0

- 1 .3

Experiment 2

J



Percent- co rrec t detection  as a function of log angular velocity  

( d e g . /  sec . ), for both upward ( solid line ) and downward 

( broken line ) movements/ a t a  starting position of 1 5 °for 

subjects ER, RK, M G , and JB .
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Fig. 4  Percent co rrect detection  as a  function of log angular v e lo c ity  

( d e g . /  s e c . ) , for both upward ( solid line ) and downward 

( broken line ) movements/ a t a starting position of 25° for 

subjects ER/ RK, M G , and JB.
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Fig. 5 Percent co rrec t detection  as a  function o f log angular velocity  

( d e g . /  s e c . ) ,  for both upward ( solid line ) and downward 

( broken line ) movements, a t a  starting position of 35° for 

subjects HR, RK, M G , and JB .
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and 3 5 °, respectively .

O n visual inspection it  can be seen th a t w hile subjects ER, RK, and MG g en ­

era ted  m onotonically increasing psychometric functions, those g en era ted  by sub­

je c t JB demonstrated a  100% detection  level across a ll v e lo c itie s , d irections, and 

starting positions. Because o f this atyp ical I y high degree o f sen sitiv ity , it was d e ­

c ided  to exclude subject JB 's d a ta  from any subsequent functional analyses, and  to 

p lace  them in a  separate appendix ( Appendix 2 ) .  All s ta tistical analyses w ere 

conducted both with and w ithout these da ta  but the significance of o n ly  a single 

in teraction  changed . Therefore, only  the results o f the three sub jec t analyses are 

rep o rted .

For subjects ER, RK, and M G , detection  was an increasing function of log an ­

gu lar ve locity , reaching 100% a t an angular v e lo c ity  o f 1 . 5 ^  se c . ( log angular 

v e locity  = . 18 ) .  With th e  exception o f a  single miss by subject RK, each  subject 

m aintained a  100% detection  level for all angular ve lo c ities  beyond 1 .5 ^  se c .

N either the direction o f  movement nor the starting position of th e  jo in t appears 

to  have appreciably  influenced detection  ra te . Inspection o f each p a ir  of d irec tio n ­

al functions reveal that th e ir  slopes are nearly  p a ra lle l, and the differences betw een 

them are small and nonsystem atic. A sim ilar description applies to th e  comparisons 

made across starting positions.

O verall detection  ra tes per starting position and per d irection  o f movement are  

presented in Table 3 , per su b jec t. The overall measure o f group perform ance across 

each  starting position and d irection  o f movement shows a  79 .9 %  d e tec tio n  ra te , 

with the individual overall rates ranging from 7 8 .0  to 8 3 .1 % . These sim ilarities 

in performance are also re flec ted  in the threshold ( 50% co rrec t d e tec tio n  ) angular



TABLE 3

Percent C orrect Detection Per D irection and S tarting Position 

Per Subject.
Starting Position

Subject • Direction J5 25 35

Up 8 6 .0 7 9 .2 82 .1

ER Down 8 2 .0 8 4 .2 8 5 .0

Difference 4 .0 - 5 .0 - 2 .9

Up 8 4 .3 7 7 .8 7 9 .3

RK Down 8 2 .8 77 .1 7 0 .0

Difference 1.5 .7 9 .3

Up 7 6 .4 7 5 .0 8 5 .7

M G Down 77.1 7 4 .3 7 9 .3

Difference - . 7 .7 6 .4

83.1

7 8 .6

7 8 .0

Up 8 2 .2 7 7 .3 8 2 .4

GROUP Down 8 0 .6 7 8 .5 78 .1

Difference 1.6 - 1 .2 4 .3

7 9 .9



velo c ities  ca lcu la ted  by graphic interpolation per sub jec t, per condition ( see 

Table 4  ) . The mean threshold velocity  across all subjects and conditions is .3 7 ° /  sec . 

w ith the individual overall thresholds ranging from .3 3 ^  sec . to .41*/ sec .

In order to ev alu a te  the statistical significance o f the effects o f v e lo c ity , d i ­

rec tion , and starting  position on d e tec tio n , two 7 x 2 x 3  analyses o f variance, 

w ith repeated  measures on each  factor, were performed on the group d a ta . Both 

percentages and arc sin transformations^ o f the percentages were used in the sepa­

ra te  analyses. Because there  were no differences in the significance of any main 

e ffec t o r in teraction  as a  consequence of the separate analyses, only the la tte r  

findings are reported . The results indicated  that w hile the main e ffec t of v e lo c ity  

was sign ifican t, JF ( 6 , 12 ) = 213 .86 , £ < .0 0 1 ,  the main effects o f d irection , £

( 1, 2 ) = .9 4 , £ > .0 5 ,  and starting position, _F ( 2 , 4  ) = .3 7 , £ > .0 5 ,  were not 

( see Table A1 — 1 in Appendix 1 ) . Post hoc analyses using the Scheffe Test assess­

ed  the significance of the differences among the mean detection  rates across levels 

o f ve loc ity  and found th a t 9 o f the 21 comparisons were significant ( p < .0 5  )

( see Table A1 -  2 ) .  These differences were found prim arily betw een the four 

highest ve loc ities  and the two lowest v e lo c ities. Thus, over the aforem entioned 

range of starting positions, directions o f movement, and angular v e loc ities, percent 

co rrec t detection  as a  measure o f k inesthetic  sensitivity was significantly  influenced 

only by the la tte r .

Response Time

Response tim e ( seconds ) p lo tted  as a  function o f log angular veloc ity  ( deg . /  

se c . ) a t starting positions o f 15°, 25°, and 35°, is presented in F ig . 6 for the in -



TABLE 4

Threshold Angular V elocity  ( d eg . /  se c . ) Per Direction and 

Starting Position, Per Subject.
Starting Position

Subject Direction ] 5 25 35

Up .30 .42 .30

ER Down .42 .26 .28

Difference - .1 2 .16 .02

Up .33 .41 .38

RK Down .27 .44 .6 4

Difference .06 - .0 3 - .2 6

Up .39 .42 .18

M G Down .38 .49 .26

Difference .01 - .0 7 - .0 8

.33

.41

.35

.3 7
Up .34  .42 .29

GROUP Down .36 .40  .39

Difference - .0 2  .02 - .1 0



Fig . 6 Response time ( s e c . ) as a  function o f log angular ve lo c ity  ( c leg ./ se c . ) 

a t  starting positions o f 15°, 25°, and 35° for the com bined data of sub­

jects HR ( c irc le  ) , RK ( square ), and M G ( triangle ) .  The function 

represents the me'an of the individual da ta  points, w hile the data points 

represent the mean response times for co rrec t d e tec tio n s .
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dividual and group d a ta . Each da ta  point represents mean response time for co rrect 

detections for each  com bination of subject and v e lo c ity . The line fitted  through 

the da ta  points connects the means of the mean response tim es. F ig . 7 presents 

the  response time functions a t starting positions o f 15°, 25° and 3 5 generated  by 

sub jec t RK as representative o f the individual functions. Response time ( seconds ) 

is p lo tted  as a  function o f log angular ve loc ity  ( d e g . /  sec . ) for upward ( solid 

line ) and downward ( broken line ) movements. Each da ta  point represents the 

mean response times for each  com bination of ve lo c ity  and d irec tio n . The variab ility  

measure around each d a ta  point is +  1 SD. Rgs. A1 -  1 and A1 -  2 present, in the 

same m anner, the data  for subjects ER and M G , respectively .

The relationships ob ta ined  ind icate  th a t, in g enera l, response time is a  decreas­

ing function of log angular v e lo c ity . However, exceptions sometimes occurred a t 

v e loc ities  of . ]5 ° /  sec . and .3 0 ^  sec . ( log angular velocity  - .8 2  and - .5 2 ,  re­

spective ly  ), where the lower angular ve lo c ity  produced a  shorter mean response 

tim e than did the higher angular v e lo c ity . In g en era l, how ever, the functions gen ­

e ra ted  by each  subject appear to  be negative ly  acce le ra tin g , decreasing functions. 

Com parisonacross the subjects shows th a t the v ariab ility  among them is g rea ter a t 

the low er v e lo c itie s , w hile a t the h igher ve loc ities  they are qu ite  sim ilar, appear­

ing to  asymptote a t the same le v e l . O n further inspection there appear to have 

been no pronounced effects on e ith er the  form of the  function or in the actual re ­

sponse times a ttribu tab le  to changes in e ith e r d irection  or starting position.

In contrast to the functions generated  by subjects ER, RK, and M G , those g en ­

e ra ted  by subject JB were almost lin ea r, having a  sligh negative slope ( see F ig.



Fig. 7  Response time ( s e c . ) as a  function o f log angular v e lo c ity  ( c le g ./  s e c . ) 

for both upward ( solid line ) and downward ( broken lin e  ) movements 

a t starting positions o f 15°, 25°, and 3 5 ° for subject RK. Each d a ta  point 

represents a mean for correct d e tec tio n s. The v ariab ility  measure is 

+ 1 SD.
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A2 -  1 ) . W hile her response times to the higher ve loc ity  stimuli were sim ilar to  

those of the o ther subjects, her response times to the lower velocity  stimuli w ere 

approxim ately tw ice as fa s t. However, as was true for the other subjects, n e ith e r 

starting position nor d irection o f movement had any demonstrable effects on th e  form 

o f the fun ctio n .

O ne in terpretation  o f the da ta  generated  by subjects ER, RK, and M G , is th a t 

as angular ve locity  increased , the sub ject's  response requirements changed. A t 

v e loc ities  below 1 .5 ° /  s e c . ,  the  primary emphasis appeared to be on stimulus d e ­

te c tio n . The generally  low er detection rates and the more variable response times 

a ttest to the d ifficu lty  o f the task . In contrast, a t velocities o f 1 .5 ° /  sec . and high­

e r, where the detection  ra te  was almost 100% and the response times were short, 

with little  v a riab ility , the emphasis appeared to be on how quickly the response 

could be m ade, making the  situation analogous to th a t in a simple reaction tim e ex ­

perim ent. However, w hile the mean response time functions ( see F ig . 6 ) approach 

an asymptote at about 770 m sec ., this value is anywhere from 5 to 6 times longer 

than the generally  accep ted  values for kinesthetic reaction time ( Chem ikoff &

Taylor, 1952; V ince, 1 9 4 8 ). Possible reasons for this disparity include differences 

in stimulus production methods, the response mode, and the joints tested .

In order to assess the sta tistica l significance of the effects of v e lo c ity , d irec tio n , 

and starting position on response tim e, a 7 x 2 x 3 analysis o f v arian ce , with re p e a t­

ed  measures on each  facto r, was performed on the group d a ta . The results ind ica ted  

th a t while the main effect o f velocity  was sign ifican t, F ( 6, 12 ) = 297 .96 , £ < .0 0 1 ,  

the main effects o f d irec tio n , F ( 1, 2 ) = .0 2 , £ > .0 5 ,  and starting position, F ( 2 , 4  )



~  .0 2 , £ > .0 5 ,  were not ( see Toble A1 — 3 ) .  A post hoc analysis using the Scheffe 

Test assessed the sign ificance o f the differences among the mean response times a -  

cross levels o f v e lo c ity  and found th a t 13 of the 21 comparisons were significant 

( p < .0 5  ) ( see Table A1 -  4  ) .  These differences were prim arily between the 

response times a t  the  3 highest ve loc ities  and the 4  lowest v e lo c ities.

A ngular Displacement

An attem pt was made to  derive an angular displacem ent measure of kinesthetic 

sensitiv ity . It was be lieved  that this could  be accom plished by multiplying the 

previously ob ta ined  response times ( s e c . ) by the angular velocities ( d e g . /  s e c . ) 

a t  which they  were o b ta in ed . These displacem ents, like correct detections and 

response time would then be plo tted  as a  function o f log angular v e lo c ity . However, 

the relationship  ob ta ined  by this procedure can only be described as an artifact 

because it is not va lid  to  m ultiply a  dependent variab le  by an independent variable 

and then plot the  product as a  function o f th a t same independent variab le .

False Alarms

Table 5 presents the individual false alarm rates per starting position, and per 

d irection  of m ovem ent. The mean false alarm rate  was 16 .2% , w hile the individual 

overall rates ranged from 13.7%  to  20% . Chi square tests were performed on the 

false alarm rates across starting position, and on the  percentages o f  upward and 

downward movements a ttribu ted  to the false alarms, per su b jec t. None of the indi­

vidual false alarm rates w ere sign ifican tly  affected  by starting position, and only 

subject M G showed a sign ifican t bias in the directions attribu ted  to  the false alarm s.



TABLE 5

Percent False Alarms Per Starting Position, the Percentage Ratio Between the Directions A ttributed, 

and the Chi Square Values Across Starting Position and D irection, Per Subject.

Chi Square
O verall False Ratio o f Starting

Subject 15 25 35 Alarm Rate Up to Down Position Direction

ER 19.6 2 0 .8  19.6 20 4 3 .8 : 5 3 .1  .97n..sv .3 2 n .s .

RK 17 .8  14 .3  12 .5  14 .9  4 8 .0  : 5 2 .0  .6 6 n .s .  .1 8 n .s .

M G 10 .7  17.8 12.5 13 .7  2 1 .7  : 7 8 .3  l . H n . s .  1 8 . 9 ( p < .0 0 1 )

GROUP 16.2 n .s .  “  not significant



However, this bias influenced n either the detection  o f upward and downward 

ments, nor the iden tification  o f th e ir d irec tio n .
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FOOTNOTES

1. Log angular v e lo c ity , rather than angular velocity , was used in o rder to expand 
and more c learly  display those portions o f the function representing angular v e lo ­
c itie s  o f less than one degree per second.

2 .  Subject ER was the first tested , and her in itial da ta  came from a  starting  position 
o f 1 5 ° . Based upon visual inspection o f the functions ob tained  for each  o f the  
dependent measures, i t  was decided th a t,  in order to  define these relationships 
more com pletely , th e  range of velocities should be extended in both d irec tio n s. 
Thus, ve loc ities  o f . 1 5 ^  se c . and 1 1 .0 ° /  sec . were added . ER was not presented 
with these ve loc ities  until the  third session of her second experim ental condition
( starting position o f 2 5 ° ) .  Each o f the o ther subjects received  th e  en tire  range 
o f v e lo c itie s .

3 .  The ve loc ity  by d irection in teraction in the three sub ject analysis o f  variance  
for response time was not sign ifican t, F ( 6 , 12 ) = 2 .9 2 , £  >  .0 5 , w hile th a t 
in the four subject analysis o f v a rian ce , £ ( 6 ,  18 ) = 2 .6 6 , £ < . 0 5 ,  was sign i­
f ic an t.

4 .  An arc sin transformation ( 2 arc sin ■ > n r  , where X is the proportion o f co rrec t 
responses ) was used to  norm alize the data  and stab ilize  the error v a rian ce .
Where proportions o f 100% or 0% were ob ta ined , B atlett's  correction  factors 
were substituted for X ( 1 -  l /4 n  or l /4 n ,  respectively  ) .
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CHAPTER 5 

EXPERIMENT 2

The purpose o f this study was to  obtain  1) a measure of passive movement sensi­

tiv ity  not confounded by the  subject's  response mode, 2) a true ind icator o f angu lar 

displacem ent sensitivity, and a  more accu ra te  determ ination of the lower limits o f 

passive movement sensitiv ity  than was seen in Experiment 1. The first two o b je c t­

ives w ere accom plished by giving the subjects d iscrete rather than continuous stim u­

l i ,  e . g . ,  an upward movement a t a  veloc ity  of .3 0 ° /  sec . for four seconds. Sub­

jects  were then required to g ive a  verbal response as to both d e tec tab ility  and d i­

rection o f the stim ulus, w ithin three seconds of the tria l 's  term ination . The third 

ob jec tiv e  was accom plished by lowering the range of stimulus angular ve loc ities  to 

betw een .0 5 ^  se c . and \ .5 ° /  s e c . ,  in contrast with the range of .1 5 ° /  sec . to

1 1 .0 ° /  se c . used in Experiment 1.

Procedure

Experiment 2 used the same subjects and apparatus as in Experiment 1. H ere, 

how ever, the  starting position o f th e  jo in t was kept constant a t 25 from the v e r tic a l, 

and the subjects received  stimuli consisting of all com binations o f six velocities 

( .0 5 , .1 0 , .1 5 , .3 0 , .8 0 , and 1 .5 ° /  s e c . ), six durations ( 1, 2 , 4 , 6 , 8 , and 

10 seconds ), and two d irections ( up, down ) .  The psychophysical procedure em ­

ployed was the  method of constant stim uli.

Each sub jec t p a rtic ip a ted  in four test sessions. A single session consisted of 

108 tria ls  presented in 4  blocks o f 27 tria ls  e ac h . C atch trials with the same d u ra -.



Hons as th e  true movements ( 1, 2 , 4 , 6 , 8 , and 10 seconds ) were randomly p re ­

sen ted . W hile the to tal percentage o f ca tch  tria ls was 15.7% , this value varied  

slightly  from session to session.

To in itia te  a  t r ia l ,  the  experim enter gave a  verbal ready signal to which the 

sub jec t responded in k ind , when ready . This foreperiod was typ ica lly  o f  3 to  10 

seconds duration . Feedback as to  the d irection and /  o r velocity  o f  the stimulus 

was given following an undetected  movement, an incorrect iden tifica tion  of d ire c ­

tio n , a  successful! detection  o f a  ca tch  tr ia l ,  o r a  false alarm . The intertrial in te r­

val was approxim ately 20 seconds; the interblock interval from 3 to 4 m inutes.

Data Analysis

Percent co rrect detection  was in itia lly  plotted as a  function of both log angu lar 

ve lo c ity  ( d e g . /  sec . ) and of stimulus duration ( se c . ) . The statistical s ign ificance 

o f the effects of v e lo c ity , duration, and direction on percent co rrec t de tec tion  was 

assessed v ia  two 6 x 6 x 2  analyses of v arian ce , with repeated  measures on each  

fac to r, performed on th e  group d a ta . As in Experiment 1, the analyses used both 

percentages and arc sin transformations o f the percen tages. Becuase there  w ere no 

differences in the  sign ificance o f any main e ffec t or in teraction resulting from the 

two analyses, only the findings o f the la tte r  are reported . Post hoc tests were then 

conducted on the sign ifican t main effects and in teractions.

N e x t, each  stimulus veloc ity  ( d e g . /  sec . ) was m ultiplied by each  stimulus du­

ration ( sec . ), to obtain  a range o f angular displacem ents ( deg . ) .  Percent co rrec t 

detection  was then p lo tted  as a  function of log angular d isplacem ent. In order to  

obtain a  best fit function , each  percentage between 10% and 90% was converted



to  a  Z v a lu e , and a  least squares solution was c a lc u la te d . The ob tained  Z values 

were converted back into percentages and then p lo tted , and chi square tests w ere 

performed to assess the goodness o f f i t .  Angular displacem ent thresholds ( 50% 

correct detection  ) w ere then obtained  for each sub jec t.

Results and Discussion

The results o f th is experim ent appear to demonstrate the  relationship betw een 

percent co rrect detection  and angular displacem ent. When duration is held constant 

and velocity  is increased , o r the reverse, the e ffec t is to increase the angular dis­

p lacem ent. In g en era l, the  functions generated  show th a t percent correct detection  

is an increasing function o f log angular displacem ent. An additional finding, not 

in the results of Experiment 1, is th a t there  was a  sign ifican t d irectional difference 

favoring the defection of upward movements. W hile the difference betw een the up­

ward vs. downward defection  rates was only 4 .8 % , the d irection o f the difference 

was consistent across subjects and was significant a t ,  F ( 1, 2 ) -  6 3 .2 , £ < .0 0 1 .

Percent co rrect de tec tion  as a  function of log angular veloc ity  ( d e g . /  s e c . ) 

per stimulus duration ( s e c . ) is p lo tted  in Fig. 8 for subjects ER, RK, and M G . 

T ypically , when stimulus duration was kep t constant, percen t correct detection  in ­

creased as a  function o f log angular v e lo c ity . As stimulus duration was increased , 

both the slopes o f the  functions and the detection  rates increased . As a  consequence 

there  was a continuous decrease in the threshold angular ve loc ities  ( 50%  correct 

detection  ) .

Percent correct de tec tion  as a  function of stimulus duration ( sec . ) per angular 

veloc ity  ( d e g . /  sec . ) is p lo tted  in F ig . 9 for subjects ER, RK, and M G . In general



Percent co rrect detection  as a  function o f log angular velocity  ( d e g . /  

sec . ) for movements o f one second ( open c irc le , dotted  line ) , two 

seconds ( open suare, broken line ) , four seconds ( open trian g le , 

solid line ) ,  six seconds ( f illed  c irc le , do tted  line ) , e ig h t seconds 

( f illed  square, broken line ) ,  and ten seconds ( f illed  trian g le , solid 

line ) , for subjects ER, RK, and M G .
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Fig. 9 Percent co rrec t detection  as a  function o f stimulus duration ( se c . ) 

for movements a t . 0 5 ^  se c . ( open c irc le , dotted  line  ) , , } 0 ° /  s e c . 

(o p e n  square, broken line  ) , . 1 5 ^  se c . (o p e n  tr ia n g le , solid line ), 

.3 0 ° / se c . ( f illed  c irc le , do tted  line ) ,  . 8 0 ^  s e c .  ( f illed  square, 

broken line ) ,  and \ . 5 ° /  s e c . ( f illed  tr ia n g le , solid  line ) for sub-
I

jects ER, RK, and M G .
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when angular veloc ity  was kept constant, percent co rrec t detection  increased as a 

function o f stimulus du ra tion . As veloc ity  was increased , both the slopes o f the 

functions and the detection  rates increased, but much more gradually  than when 

duration was increased ( see R g. 8 ) .  W hile subjects RK and M G  fa ile d  to reach
N

threshold ( 50% correct d e tec tion  ) with stimuli presented a t  a  v e lo c ity  o f . 0 5 ^  s e c . ,  

subject ER fa iled  to  reach threshold with stimulus v e lo c ities  o f both .0 5 * /  sec . and 

. 10°/ se c .

The individual detection  rates per d irection of movement are presented in Table 6 , 

per su b jec t. The measure o f group performance ind icates a  4 6 .7 %  detection  ra te , 

w ith individual overall rates o f 4 7 .2 % , 4 4 .7 % , and 4 8 .0 % , for subjects ER, RK, 

and M G , respectively . This is a  marked decrease in sensitiv ity  from the  79 .9%  

detection  ra te  in Experiment 1, reflecting  the decrease in the range o f stimulus 

ve loc ities  presented here . The consistent d ifference in the detection  rates for up­

ward vs. downward movements may also be seen.

Percent correct detection  is p lo tted  as a  function o f log angular displacem ent in 

R g. 10 for subjects ER, RK, and M G , respectively . The range o f angu lar d isp lace­

ments was ob tained  by m ultiplying each  combination o f angular v e lo c ity  and stimu­

lus duration . These products may be seen in Table 7 . M ultip le d a ta  points a t the 

same angular displacem ent in d ica te  th a t two or more v e lo c ity  -  duration com bina­

tions y ielded  the same displacem ent. Subscripts for the d a ta  points re fe r to the c o l­

umn -  row entries in Table 7 . W hile the relationship betw een percen t co rrect d e ­

tec tion  and log angular displacem ent is a m onotonically increasing o n e , there are 

some individual d ifferences. The data  generated  by sub jec t RK fall ra th e r smoothly



TABLE 6

Percent- C orrect D etections o f Upward and Downward M ovements, Per S ubject.

D irection of M ovement Percent
Subject Up Down Difference

ER 4 9 .4  ' 4 5 .0  4 .4

RK 4 7 .2  4 2 .2  5 .0

M G 50 .1  46 .1  4 .0

GROUP 4 8 .9  4 4 .4  4 .5



F ig . 10 Percent co rrec t detection as a  function o f log angular displacem ent 

( d eg . ) for subjects ER, RK, and M G . The subscripts for each  data 

point represent the  ve locity  -  duration products in d ica ted  in Table 7 . 

M ultip le d a ta  points a t a  given displacem ent in d ica te  th a t  two or more 

veloc ity  -  duration com binations yielded the same p roduct.
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TABLE 7

The Angular Displacements ( deg . ) O b tained  From Each Com bination o f Duration 

and  V elo c ity .

V elocity  ( deg . /  s e c . )

.05  .1 0  .15  .30  .8 0  1 .5

.05 .10 .15 .30 .8 0 1 .5

.10 .20 .30 .60 1.60 3 .0

.20 .40 .60 1.20 3 .2 0 6 .0

.30 .60 .90 1.80 4 .8 0 9 .0

.40 .80 1.20 2 .4 0 6 .4 0 12 .0

.50 1 .00 1.50 3 .0 0 8 .0 0 15 .0



along a log normal og ive , w hile the data  generated by subject M G , and to  a  lesser 

d eg ree , ER, are negatively  skewed and more scattered  a t  the low er e n d . Chi square 

tests performed on the least squares solutions indicated  th a t these best f it  curves 

are  accep tab le  a t the .05  level o f s ign ificance. The threshold angu lar d isp lace­

ments ( 50% co rrec t detection  ) obtained  for subjects ER, RK, and M G , are 1 .2 0 6,

1 .32°, and 1 .00°, respectively . Another indication o f the g rea ter sensitivity  o f 

sub jec t JB is the angular displacem ent threshold o f .0 7 ° ob tained  under the same 

conditions ( see F ig . A2 -  4  ) .

The results o f  the analysis o f variance indicated  th a t the main effects  o f v e lo c ity , 

£  ( 5 , 10 ) =  9 3 .6 , £ < .0 0 1 ,  duration, JF ( 5 , 10 ) = 2 9 .3 , £ < .0 0 1 ,  and d irec tio n ,

F ( 1, 2 ) = 6 3 .2 , £ < .0 0 1 ,  as well as the velocity  by duration in te rac tio n ,

£  ( 25, 50 ) = 4 .4 0 ,  £ < .0 0 1 ,  were each  significant ( see Table A1 -  5 ) .  A post 

hoc analysis using a Scheffe Test assessed the significance o f the differences among 

the mean detection  rates across levels o f both ve loc ity  and duration . The number 

o f significant comparisons was 3 of 15 for velocity  and 0 of 15 for d u ra tion . In the 

form er, the differences w ere found between the detection  rates a t  th e  two highest 

ve lo c ities  ( .8 0 V  se c . and 1 .5 ^  sec . ) and the two lowest ve lo c ities  ( .05 /^  se c . 

and . 1 0 ^  sec . ) ( see Table A1 -  6 ) .  The Scheffe Test for simple main effects on 

the ve loc ity  by duration in teraction  showed that detection  was s ign ifican tly  in flu ­

enced  by the two highest ve loc ities  ( .8 0 ° /  sec. and 1 .5 ^  sec . ) across all dura­

tions, and by the four lower ve loc ities  ( .0 5 , .1 0 , .1 5 , and .3 0 ^  se c . ) a t dura­

tions beyond four seconds ( see Table A1 -  7 ).



False Alarms

The mean false alarm ra te  across all subjects and conditions was 2 2 .1 % ,  w h ile  

the individual rates were 18 .0% , 2 2 .2 % , and 2 7 .8 % , for subjects ER, RK, and  

M G , respectively  ( see Table 8 ) . The ra tio  of upward to downward movements 

a ttribu ted  to the false alarms ty p ica lly  favored one d irection or the  o th e r, bu t ch i 

square tests ind icated  th a t the difference was significant only  for subject RK.



TABLE 8

Percent False Alarms, the Percentage Ratio Between the Directions A ttributed , 

and the Chi Square Values Across D irection , Per Subject.

a
Subject False Alarm Rate Ratio o f  Up to Down .Chi Square

ER 2 7 .8  6 0 : 3 0  2 .2 8  n .s .

RK 2 2 .2  6 8 . 8 : 1 8 . 8  5 . 2 9 ( p < . 0 2 5 )

M G  18 .0  3 8 . 5 : 6 1 . 5  .7 6  n .s .

GROUP 2 2 .7

n .s .  = not significant

a The percentages do not to tal 100% because some o f the false alarms were 
reports o f movement for which the  direction  was not identified .
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CHAPTER 6 

DISCUSSION

The results o f the present study show th a t both measures o f k inesthetic  sensitivity  

e v a lu a ted —percen t co rrec t detection  and response tim e—were significantly  influ­

enced  by the angular v e lo c ity  o f the movement; percent correct detection  as an in ­

creasing function , response tim e as a  decreasing function . In add ition , percent 

co rrect detection  was also shown to be an increasing function of angular d isp lace­

m ent. The direction  o f movement produced contradictory effects, showing no signi­

fican ce  in Experiment 1 but a  significant favoring o f upward movements in Experi­

ment 2 . Starting position produced no significant differences. As discussed below , 

these findings are o f sign ificance with respect to previous psychophysical studies and 

also to th e  physiological mechanisms underlying kinesthetic sensitiv ity .

Comparisons to Prior Psychophysical Studies

At the outset i t  should be noted th a t, as a consequence o f both the paucity  o f 

psychophysical studies and  various m ethodological d ifferences, if is sometimes d iffi­

cu lt to g en era lize  the present findings and make meaningful comparisons.

In comparison with e a r lie r  studies, the present investigation o f passive move­

ment sensitiv ity  was accom plished v ia  a system th a t provided precise control over 

angular v e lo c ity , stimulus duration , and movement d irection , and th a t also allow ed 

both angular displacem ent and temporal response measurements to be made w ith a  

degree o f accuracy  not previously used. M oreover, use of the proximal in terphal- 

angeal (-IP ) jo in t o f the index finger helped  to simplify the manner in which the
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jo in t was secured, and m inim ized the  d irectional cues produced by supporting and 

rotating the joint from below . Finally, two psychophysical procedures were used 

( a combined method o f adjustm ent and constant stim uli, and the method of con ­

stan t stimuli ) , w ith one presenting autom atically  tim ed presentations o f movement 

( Experiment 2 ); the o th er using subject term inated movements ( Experiment 1 ) .

In the la tte r  procedure (b u t not the former ) there is a  confounding e ffec t o f reaction  

tim e. In all cases, perform ance and re liab ility  were enhanced by using a warning 

signal and by perm itting the  subject to  control foreperiod d u ra tio n .

The increasing relationship  betw een percent co rrec t detection  and  log angular 

velocity  found in both Experiments 1 and 2 ( see F igs. 3 to  5 , 8 ) is consistent w ith 

the results o f several o ther studies ( C leghom  & Darcus, 1952; G andev ia  & M cClos- 

key, 1976; W inter, 1912 ) .  In add ition , the functions presented in Figs. 9 and 8 

demonstrate th a t percent co rrec t detection  increases e ith e r when the  duration o f a 

constant v e lo c ity  stimulus is increased , o r  when the v e lo c ity  o f a  constant duration 

stimulus is increased; the la tte r  finding consistent with th a t o f G andevia and M cClos- 

key ( 1976 ) .

The threshold angular ve lo c ities  ( 50%  correct detection  ) determ ined in Experi­

ment 1 were .3 3 , .4 1 , and .35  d e g ! /  s e c . for subjects ER, RK, and M G , respect­

ive ly , and represent the mean values across both direction  and starting position . 

However, interpreting the m agnitude o f the thresholds is made d ifficu lt because 

only two o ther studies ( G andev ia  & M cCloskey, 1976; G oldscheider, 1889 ) even 

assessed sensitiv ity  a t an IP jo in t, and because m ethodological d ifferences prevent 

making d irec t comparisons. In one study ( G oldscheider, 1889 ), the  joint was ro­



ta ted  a t a  constant angular v e lo c ity  in order to determ ine a  threshold angular dis­

p lacem ent. The present study, in con trast, used a  range o f angular velocities to 

determ ine a  threshold angular v e lo c ity  ( 50% correct detection  ) .  In the o ther 

study noted above ( G andev ia  & M cCloskey, 1976 ) , sensitiv ity  was assessed a t  the  

distal IP jo in t, in contrast to the proximal IP jo in t exam ined in the  present study. 

Although comparison o f thresholds cannot be made because o f m ethodological d iff­

erences, comparison o f group mean de tec tion  rates can b e .  In one o f  a  series o f 

experim ents ( G andevia & M cCloskey, 1976 ), angular ve locity  was varied  ( \ Y  s e c . 

to 1 0 ^  se c . ) over a  fixed duration ( 1 . 2  sec . ), making it analogous to the p roced­

ure used in the  present Experiment 2 . D etection rates o f 30% and 60%  ( for angu lar 

velocities o f 1°/ se c . and 2 ° /  s e c . ,  over 1 .2  sec . ) were reported , and those com ­

pare favorably with the rates o f 36 .7%  and 56 .6%  for angular v e lo c ities  o f .80 /^  s e c . 

and 1 .5 ° / s e c . ,  over 1 s e c . ,  found in the present study. Considering th a t these 

two digital joints are functionally  sim ilar and im m ediately ad ja ce n t, it is not sur­

prising that they should have sim ilar sensitiv ities.

The increasing relationship  betw een percent co rrec t detection  and log angular 

displacem ent is in agreem ent with the findings o f several o ther studies ( Cleghom  & 

Darcus, 1952; G andevia  & M cCloskey, 1976; G rigg , Finerm an, & Riley, 1 9 7 3 ).

The angular displacem ent thresholds determ ined here were 1 .20", 1 .32°, and 1 .00°, 

for subjects ER, RK, and M G , resp ectiv e ly . However, because o f procedural d iff­

erences, it is again d ifficu lt to in terp re t the m agnitude o f these thresholds in the  

con tex t o f the  previous studies a t the  IP jo int ( G andevia & M cCloskey, 1976; 

G oldscheider, 1 8 8 9 ). In one o f those studies ( G oldscheider, 1889 ) ,  an approxi­



m ately  constant velocity  o f 12 .4 ° /  se c . to 1 2 .2>°/ se c . produced threshold d isp lace ­

ments o f .72° to 1 .05°. W hile the threshold magnitudes are com parable, th e  angu­

lar ve loc ities  are n o t. W hereas G oldscheider used an approxim ately constant angu­

la r v e lo c ity , the present study used a  much lower range of v e lo c itie s , presenting 

them over a  series o f varying durations. The m ethodological differences betw een 

the present study and the G andevia and M cCloskey study prevent comparisons b e ­

tween e ith er thresholds o r detection  ra te s .

W hile the preceding discussion has concerned itse lf with the effects o f e ith e r 

angular velocity  or angular displacem ent, these param eters along w ith stimulus du­

ration are in terdependent, and one cannot ex ist w ithout the o th e r. For this reason, 

i t  may be extrem ely d ifficu lt to determ ine which param eter is more im portant for 

the  appreciation  of passive movement. However, in the present study, both stim u­

lus duration and angular velocity  are seen to be positively  co rre la ted  w ith angular 

displacem ent ( see Figs. 8 and 9 ) .  As such, the m agnitude of angular displacem ent 

is therefore the best single predictor o f the appreciation  o f passive m ovem ent. W hile 

not d irec tly  addressing itself to this problem, one technique has succeeded in e v a lu a ­

ting the e ffec t of angular displacem ent, independent o f angular v e lo c ity . H orch, 

C lark , and Burgess ( 1975 ) ro tated  the knee jo in t so slowly as to preclude any sen­

sation o f movement. Y et, they produced a  sensation o f a lte red  position when a  

displacem ent of 2° to 4° had been a tta in ed . Such a  technique could be used to  d e ­

term ine " pure " displacem ent thresholds over the en tire  m obility range o f any given 

jo in t, or to reassess the proximal -  distal grad ien t of. decreasing k inesthetic  sen siti­

v ity  ( G oldscheider, 1889; Laidlaw & Ham ilton, 1937b ) .



73

The e ffec t o f movement direction on detection ra te  produced contradictory re ­

sults in Experiments 1 and 2 , just as it has done in previous studies. The lack o f a 

significant e ffec t in Experiment 1 is consistent with the  findings o f Browne, Lee, 

and Ring ( 1954 ) , G andev ia  and M cCloskey ( 1976 ) ,  and Laidlaw and Hamilton 

( 1937b ), w hile the  significant favoring of upward movements in Experiment 2 is 

in agreem ent with G oldscheider ( 1889 ) .  However, both present findings are in 

contrast to those of C leghom  and Darcus (.1952 ) and W inter ( 1912 ) , who found a  

significant favoring o f downward movements.

In this study, starting position of the jo int had no sign ifican t e ffec t on any o f 

th e  dependent measures. This result is consistent w ith th a t o f G oldscheider ( 1889 ) 

but in contradiction to W inter ( 1912 ) and to a prelim inary finding by Cleghom and 

Darcus ( 1952 ) . A possible m ethodological factor in this lack  o f significance is 

th a t the range of starting positions investigated may have been too narrow . However, 

this range was determ ined by both the resting position o f the  hand and the m echani­

cal lim itations o f the  k inesthetic  stim ulator. A consideration of all o f  the afore­

m entioned psychophysical findings, in the  context o f th e ir underlying physiological 

mechanisms, will be undertaken in a la te r  section .

While comparison o f detection  rates and threshold angular ve loc ities  and dis­

placem ents indicates generally  sim ilar sensitiv ities among th ree  sub jects, it also in ­

d icates  the superior sensitiv ity  o f subject JB and em phasizes the need to examine 

the possible reasons for these differences. Several previous studies ( Browne, Lee,

& Ring, 1954; Laidlaw & Ham ilton, 1937b ) noted a small number o f individuals 

whose atypical performance was the result o f markedly decreased  sensitiv ity . In



one study ( Laidlaw & Hamilton, 1937b ) , the thresholds o f a  group o f e lderly  sub­

jects ( ages 50 to 85 ) w ere observed to be several times h igher, and more v a riab le , 

than the thresholds of two groups of young adults ( ages 17 to 35 ) .  These differences 

might have been expec ted , as deterioration o f the joints w ith age is a  common phen -
■v

omenon ( K elley , 1971 ) .  Another study ( Browne, Lee, & Ring, 1954) reported 

that 12% o f its subjects had thresholds almost four times higher than the group av er­

a g e . However, while h a lf of this a typical group would be considered c lin ic a lly  im­

p aired , none was aware o f  any d e fic it. It is probable th a t passive movements occu r­

ring during normal ac tiv ities  are several times faster, and o f  g reater m agnitude, 

than those occurring under experim ental conditions. It was also noted th a t those 

subjects had no impairment in the detection of ac tive  movements, and th e ir passive 

movement thresholds could be brought into the normal range by active  contraction 

o f the appropriate muscles.

In the present study, subject JB, a  24 year o ld  fem ale, was the same age as 

subject RK, and while a th le tic , was no more a th le tic  than e ith e r subjects ER o r M G . 

JB did not w ear a  b lindfold , but averted  her eyes from the equipm ent, as did sub­

jects ER and M G . To test the possibility that she used visual cues, she was b lind­

folded for several blocks o f  tria ls , but the results rem ained the  sam e. The use o f

auditory cues was also excluded because there was no d iscern ib le d ifference in 

motor noise e ither when the stim ulator was operated  a t d ifferent speeds, o r when 

catch  trials were presented. The only o ther possible explanation  for her superior 

sensitiv ity  is that she may have had a higher degree of muscle to n e . Testing of th is 

hypothesis could be accom plished in two ways. In o n e , baseline electromyograms



( EMG ) would be ob tained  for each  sub jec t, and on -  line monitoring of the EMG 

would take place during all testing sessions. In the o th e r , thresholds would first 

be obtained  with muscles re laxed . These data  would then be com pared to the thresh­

olds obtained  with the muscles voluntarily  tensed and producing a  known force.

As will be noted la te r , voluntary increases in muscle tension are generally  associa­

ted  with enhanced k inesthetic sensitivity  ( Browne, Lee, & Ring, 1954; Goodwin, 

M cCloskey, & M atthew s, 1 9 7 2 a).

Physiological Mechanisms Underlying K inesthetic Sensitivity

Evidence for the  physiological mediation of veloc ity  sensitiv ity  exists a t several 

levels o f the nervous system. Peripherally , ve locity  sensitive responses have been 

recorded from each kinesthetic receptor ty p e . First, the dynamic discharges of 

slowly adapting jo int receptors, e . g . ,  Ruffini endings, w ithin th e ir excita to ry  an ­

gles have been shown to be proportional to movement v e lo c ity  ( Boyd & Roberts,

1953; Skoglund, 1956 ) .  Both the annulospiral endings ( primary muscle spindle re ­

ceptors ) and flowerspray endings ( secondary muscle spindle receptors ) have shown 

veloc ity  sensitiv ity , w ith the former demonstrating superior sensitiv ity  to dynamic 

stim ulation ( Hunt, 1974; M atthews, 1 9 7 4 ). Lastly, two types o f cutaneous recep ­

tors, iden tified  as a Pacinian corpuscle ( PC ) and a  type II slowly adapting recep ­

to r ( SA II ) , have dem onstrated dynamic sensitivity to both skin stretch  and inden ta­

tio n , and may possibly provide information about both movement ve lo c ity  and d i­

rection ( H ulliger, N ordh, Thelin, & V allbo , 1 9 7 9 ). At h igher lev e ls , slowly 

adapting units with response properties sim ilar to those o f peripheral joint receptors 

have been iden tified  in both thalamus ( M ountcastle, Poggio, & W erner, 1963 )



and cortex ( M ountcastle & Powell, 1959 ) . At each  locus, the m agnitude of the 

discharge over the unit's  excita to ry  angle was proportional to the movement v e lo c ity . 

Hence one would expect psychophysical thresholds to vary  with angular v e lo c ity .

There is much evidence to indicate th a t the physiological m ediation of angular 

displacem ent sensitiv ity , like th a t o f angular v e lo c ity , occurs a t several levels o f  

the  nervous system. Peripherally , the tonic discharges o f each  kinesthetic  recep tor 

type appear to re flec t the magnitude o f the angular d isp lacem ent. When slowly 

adapting joint receptors w ere studied with the muscular attachm ents to  the joint 

capsule surgically  severed , displacem ent sensitivity was prim arily found a t the e x ­

tremes of movement ( Burgess & C lark , 1969; Clark & Burgess, 1975; G rigg & 

G reenspan, 1977 ) .  Thus, the role o f jo int receptors in th e  m ediation o f d isp lace­

ment sensitivity  is questionab le . W hile on one hand, some ( C lark & Burgess, 1975 ) 

suggest th a t the role o f jo in t receptors may be to subserve sensitiv ity  only  a t the ex ­

tremes o f movement, others ( Goodw in, 1976; M cCloskey, 1978 ) be lieve  th a t un­

der normal physiologic conditions, where all muscle attachm ents to the  jo in t c a p ­

sule are in tac t, the tensions developed by the muscles may sign ifican tly  a lte r  jo int 

recep to r responsivity to include interm ediate positions. O n e  experim ent th a t tested  

this hypothesis ( G rigg , 1975 ) found only minimal d ifferences in the  excita to ry  a n ­

gles of units evaluated  under both conditions. A dditionally , for the aforem entioned 

hypothesis to be true , the muscular forces would have to be sufficien tly  high 

( G rigg , 1976; Grigg & G reenspan, 1977 ) , and the C N S w ould have to  be ab le 

to in terpret a joint recep tor discharge th a t, for a  fixed angular displacem ent, varied  

with changes in muscle tension ( Goodw in, 1976; M cC loskey, 1978 ) .



The discharge frequencies o f both the muscle spindle primaries and secondaries 

are a  function o f the amount o f stretch of the muscles in which they a re  loca ted  

( Hunt, 1974; M atthew s, 1 9 7 7 ), and are linearly re la ted  over a w ide range o f 

muscle lengths ( Hunt, 1974; V allbo , 1 9 7 4 ). In the  relaxed  s ta te , additional 

spindles can be recru ited  as joint rotation stretches the muscle ( V allbo , 1974 ) .  

There, it appears that the  recruitm ent of additional spindles, com bined w ith the  

increased stretch induced discharge, may m ediate the appreciation  o f both the d i­

rection o f movement and the m agnitude of its displacem ent. However, co m p lica t­

ing this rather d irec t relationship  is the fact that the  muscle spindle d ischarge not 

only reflects the degree o f passive stretch of the muscle but the fusimotor d ischarge 

o f the gamma efferent system as w e ll. Human investigations have shown th a t muscle 

spindle discharges increase during increased isometric contraction ( V allbo , 1974 ), 

which means that the C N S would then have to in terpret which part o f the  discharge 

re flec ted  stretch induced a c tiv ity , and which part reflec ted  the increased  fusimotor 

tone ( M cCloskey, 1978 ) .  The subjects in the present study were to ld  to  relax  

th e ir m uscles, and because it is known th a t the fusimotor discharge to re lax ed  

muscles is re la tiv e ly  slight ( V allbo , 1974 ), the muscle spindle discharge may have 

presented an unambiguous displacem ent and directional signal.

The aforem entioned mechanisms may help to explain the increased sen sitiv ity  of 

subject JB. Although she was to ld  to relax her muscles, there was no electrom yo­

graphic recording of muscle to n e , and so her spontaneous level may have been 

much g rea ter than that o f the o ther subjects. In add ition , it is possible th a t she 

may have been making slight adjustments in finger position th a t produced small in -



crem ents in muscular co n trac tio n . Several studies ( Browne, Lee, & Ring, 1954; 

G oodw in, M cCloskey, & M atthes, 1972a ) have shown th a t  k inesthetic  sensitiv ity  

may be enhanced  by contracting  the appropriate m uscles.

The possibility o f cutaneous receptors contributing to  displacem ent sensitiv ity  in 

man has been described by Knibestol ( 1975 ) .  These slow ly adap ting  units, heav ily  

concen tra ted  in the regions o f the proximal and distal IP jo in ts, responded over 80 

o f jo in t ro ta tio n , w ith a  discharge linearly  related  to jo in t an g le . Therefore it 

appears th a t each  recep tor type, e ith e r individually  o r in com bination , may m ediate 

displacem ent sensitiv ity .

The central response to  k inesthetic  stim ulation is com plicated  by the fac t th a t 

jo in t, m uscle, and cutaneous afferents often course through the same nerve ( M oberg, 

1972 ), making it d ifficu lt to a ttribu te  to a specific type o f k inesthetic  afferen t, 

the cen tra l response to jo in t ro ta tio n .

Two studies o f the response properties o f thalam ic units responding to jo int ro ta­

tion ( M ountcastle , Poggio, & W em er, 1963; Yin & W illiam s, 1976 ) yielded con­

trad ic to ry  findings. W hile both found th a t most units were single en d ed , in one 

( M ountcastle e t a l . ,  1963 ) the m ajority were slowly adapting; in th e  o ther ( Yin 

e t  a l . ,  1976 ) , rapidly  ad ap tin g . Several hypotheses have sought to  explain the 

con trad ic tions, e . g . ,  sampling biases, but as yet they are unresolved . These slowly 

adapting  units were classified  as joint afferents by M ountcastle because they had 

many of the  properties o f peripheral jo int receptors. H ow ever, because th e ir p ri­

mary ch arac teris tic  was a  grade response to joint ro ta tio n , M atthew s ( 1977) b e­

lieved  they could also have been classified  as muscle a fferen ts. Regardless o f th e ir



c lassifica tio n , units with the same response proerties have also been identified  in 

the cortex { M ountcastle & Pow ell, 1959 ) . Additional ev idence for cortical in ­

volvem ent in the m ediation o f displacem ent comes from two human investigations 

( Bergmark, 1909; Head & Holmes, 1911 ) in which damage to sensorimotor cortex  

resulted  in e lev a ted  thresholds for both the detection of movement and the id en tifi­

cation  o f d ire c tio n . It was necessary to displace the Joint by as much as 45° before 

a vague sensation o f movement becam e an awareness o f d ire c tio n . Thus, as a  co n ­

sequence o f the physiological response, one would expect psychophysical thresholds 

to vary as a  function o f angu lar displacem ent.

The lack  of a  sign ifican t d irectional e ffect in Experiment 1 can probably be a t ­

tributed  to the generally  high range of ve loc ities  used. W ith four of the seven 

ve loc ities  ( 1 .5 , 3 .0 ,  6 .2 ,  and 11 .0 * / sec . ) generating nearly  100% detection 

ra tes, it is likely  th a t these stim uli produced high frequency dynamic discharges in 

the  ve lo c ity  sensitive k inesthetic  receptors, and made movement in e ith er direction 

equally  easy to d e te c t.

In contrast to the  results o f Experiment 1, Experiment 2 found a  significant fa ­

voring of the detection  o f  upward movements. The results amy re flec t an in teraction 

betw een the range of ve lo c ities  presented and the resting position o f the hand.

In the experim ent, th e  v e lo c ity  range was lowered to betw een .0 5 ° /  sec . and 

1 .5 ° / sec . from the .1 5 ^  sec . and l l / .O ^  sec . o f Experiment 1. These more slow ly 

moving stimuli would be more d ifficu lt to d e tec t because they  would produce low 

frequency discharges in th e  v e lo c ity  sensitive receptors, and generally  smaller 

changes in the firing rates o f the displacem ent sensitive recep tors. In the la tte r
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case , the small angular displacem ents w ere the products o f low veloc ity  stim uli and  

short stimulus durations over which they w ere presented . The resting position of th e  

hand was such th a t i t  was ventroflexed a t  both the wrist and m etacarpophalangeal 

jo in ts. As a  consequence, the majority o f  movements around the IP jo in t occurred  

over the extension half o f its movement range , and upward movements from the  2 5 ° 

starting position brought the jo in t close to  full ex tension . It then follows th a t ,  if  

jo in t receptors discharge prim arily a t the extremes o f movement, these upward m ove­

ments would ac tiv a te  a  population o f extension sensitive jo int receptors whose d is­

charges, adding to those of the muscle and cutaneous receptors responding to  the 

d isplacem ent, would account for the  g rea te r d e tec tab ility  o f the upward movements.

The lack of a significant e ffec t due to  starting position may have been the  resu lt 

o f too short an adaptation tim e spent a t the  given positions. H ere,-adaptation tim e 

was synonymous with foreperiod, and never exceeded  ten  seconds. However, the 

use o f longer adaptation tim es, e . g . ,  30 o r 60 seconds, would present a new prob­

lem . In this experim ent, the joint was alw ays returned to the same starting position 

prior to the onset o f the next stimulus. However, the  position from w hich th e  jo in t 

was returned varied  in a  random manner from tria l to t r ia l .  While it was assumed 

th a t the discharge frequency recorded a t a  given position would be the  sam e, re­

gardless of the prior position, there is ev idence th a t this is not true . W hat has been  

found is th a t when a joint has been ro ta ted  back into a  position to which it had been  

adapted  for up to ten minutes, there is a defin ite  decrease in the firing rates o f 

slowly adapting jo in t receptors ( G rigg & G reenspan, 1977; M cC all, Farias, W ill­

iams, & BeMent, 1974; M illar, 1975 ) . Therefore, the firing rate  a t  any given p o ­
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sition  was influenced by the jo in t's  previous position. The hysteresis e ffec t in th e  

d ischarge ra te  was be lieved  to be m ediated by the viscoelastic  properties o f the  

jo in t cap su le . Therefore, if appears th a t if would be necessary to monitor the  dis­

charges o f the re levan t receptors in order to determine th a t the firing ra te  a t a 

specific  starting position rem ained constant prior to the onset o f each  new  stim ulus.

In g en era l, the findings o f the present investigation are  consistent with the 

known response properties o f jo in t, m uscle, and cutaneous afferen ts. W hile th e  

contribution o f each  afferen t type to k inesthetic sensitivity  is supported both by 

th e ir  responses to jo in t ro tation and by human kinesthetic defic its  following th e ir  

se le c tiv e  anesthesia , n e ith er the nature o f their inputs, e . g . ,  d ire c t o r f a c il i ta -  

to ry , nor the mechanism by which their inputs are in teg ra ted , has been defined . 

Gross and unit recordings have helped to loca lize  the subcorfica! structures and 

co rtica l regions m ediating kinesthetic  sensitiv ity , but contradictory  findings as to 

the  c e llu la r  response ch arac teris tics, e . g . ,  rapidly adapting vs. slow ly adap ting , 

and even the specific  afferen t or afferents, e . g . ,  jo int vs. m uscle, contributing 

to a  given response, remain to be resolved. In brief, additional and well con tro lled  

psychophysical studies are  needed to define the relevance o r irre levance of specific  

m ovement param eters, but in order th a t the findings o f these studies have more 

m eaning, it is equally  im portant to obtain a  c learer understanding o f th e ir  under­

lying physiological mechanisms.
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TABLE Al -  1

Summary o f the Analysis o f V ariance for the Effects o f  V elocity , D irection, and 

Starting Position on Percent C orrect D etection,U sing Arc Sin Transformed V alues.

Source Error Term Sum o f Squares df Mean Square .  F

Mean S 700.9526 1 700.9526 639.4688

S • .8963889E -  01 2 .448I944E -  01

D SD . 3605839E -  01 1 .3605839E -  01 .9371

V S / 72.31332 6 12.05222 213.8643***

P SP .1298749 2 .6493747E -  01 .3689

SD . 7696056E -  01 2 . 3848028E -  01

SV .6762543 12 .5635452E -  01

DV SDV .1009216 6 .I682027E -  01 1.0839

SP .7041398 4 .1760349

DP SDP .7I90859E -  01 2 . 3595430E -  01 1.6240

VP SVP .2908862 12 . 2424051E -  01 .3350

SDV .1862230 12 .I55I858E -  01

SDP .8855873E -  01 4 .22I3968E -  01

SVP 1.736441 24 . 7235169E -  01

DVP SDVP .1701111 12 . I4I7592E -  01 .4050

SDVP .8400599 24 .3500249E -  01

S =  subject V = v e lo c ity  * = P < . 0 5
D= direction SP = starting position ** = P<C.0I

* * * = P < .0 0 1
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TABLE A l - 2

Scheffe Test for the S ignificance of the D ifferences in Mean Percent C orrect 

D etection  Across Levels o f V elocity , Using Arc Sin Transformed V alues ( N = 3 ).

V e lo c ity  ( d e g . /  sec . )

V I V2 V3 V4 V5 V6 V7

.1 5  .30 .80  1 .5  3 .0  6 .2  11 .0

M ean Arc Sin Values

.99169 1.40761 2 .45375 2 .90489  2 .91750  2 .91750  2 .91750

Comparisons

VI vs. V2 V2 vs. V3 V3 vs. V4 V4 vs. V5 V5 vs. V6 V6 vs. V7 
V3* V4* V5 V6 V7
V4* V5* V6 V7
V5* V6* V7
V6* V7*
V7*

* = P < .0 5



F ig . A l -  1 Response tim e ( sec . ) as a  function o f log angular ve loc ity  ( d e g . /  

s e c . ) for both upward ( solid line ) and downward ( broken lin e  ) 

movements a t starting positions of 15 , 25 , and 35 ,  for sub jec t ER. 

Each da ta  point represents a  mean for co rrec t d e tec tio n s. The v a ria ­

b ility  measure is +  1 SD.
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F i g . A i - 2  Response tim e ( s e c . ) as a  function of log angular velocity  ( d e g . /  

sec . ) for both upward ( solid  line ) and downward ( broken line ) 

movements a t starting positions of 15°, 25°, and 35° for sub ject M G 

Each d a ta  point represents a  mean for co rrect detections. The varia 

b ility  m easure is +  1 SD.
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TABLE A1 -

Summary of the Analysis o f V ariance for the 

Starting Position on Response Time.

Source Error Term Sum o f Squares

Mean S 1844.166

S 10.16740

D SD .6286204E -  01

V SV 888.3428

P SP .8146715E -  01

SD .5988068

SV 5.962891 '

DV SDV 6.829102-

SP 9.578771

DP SDP 1.254490

VP SVP 2.286696

SDV 4.679504

SDP .7210894

SVP 13.87483

DVP SDVP 2.378811

SDVP 5.206134

S = subject V = ve locity
D= direction P = starting position

Effects o f V elocity , D irection ,and

£ Mean Square F

1 1844.166 362.7605

2 5.083699

1 .6286204E -  02 . 0210

6 148.0571 297.9568***

2 .4073358E -  01 .0170

2 .2994034

12 .4969075

6 ' 1.138184 2.9187

4 2.394692

2 .6272449 3 .4 7 9 4

12 .1905580 .3296

12 .3899587

4 .1802723

24 .5781180

12 .1982342 .9138

24 .2169222

* =  P < .0 5  
** = P C . 01 

***=  P C . 001



TABLE A1 - 4

Scheffe Test for the S ignificance of the  D ifferences in M ean Response Time 

Across Levels of V elocity  ( N = 3 ) .

V elocity  ( d e g . /  sec . )

VI V2 V3 V4 V5 V6 V 7

.15 .30 .80  1.5 3 .0  6 .2  11 .0

Mean Response Time ( s e c . )

7 .41555  7 .04888 5.66111 3 .29666 1.66333 .92722 .76778

Comparisons

VI vs. V2 V2 vs. V3 V3 vs. V4 V4 vs. V5* V5 vs. V6 V6 v s . V7
V3 V4 V5* V6*
V4* V5* V6* V7*
V5* V6* V7*
V6* V7*
V7*

* = P < .0 5
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TABLE A1 -  5

Summary o f the Analysis o f  V ariance for the Effects o f V elocity , D uration,and 

D irection on Percent C orrect D etection , Using Arc Sin Transformed Values.

Source Error Term Sum o f Squares idf M ean Square _F

Mean S 489.8850 1 489.8850 282 .4976

S .2984831 2 .1492415

D SD .6754572 1 .6754572 63.2264***

V SV 82.27338 5 16.45467 93.6258***

T ST 20.32983 5 4 .065967 29.2606***

SD .2I36630E -0 1  2 .1068315E -  01

SV 1.757492 10 .1757492

DV SDV .1004486 5 .2008972E -  01 .1009

ST 1.389572 10 .1389572

DT SDT .5719147 5 .1143829 .8173

VT SVT 7.325775 25 .2930310 4.4042***

SDV 1.991115 10 .1991115

SDT 1.399592 10 .1399592

SVT 3.326736 50 .6653470E -  01

DVT SDVT 6.217819 25 .2487127 1.2729

SDVT 9.769684 50 .1953936

S = subject 
D= d irection

V velocity  
T = duration

* =  P C .0 5  
* * =  P C . 01 

*** = P C . 001
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TABLE A1 -  6

Scheffe Test for the S ignificance o f the Differences in Mean Percent C orrect 

D etection Across Levels o f V elocity  and Duration, Using Arc Sin Transformed 

V alues ( N = 3 ) .

V elocity  ( d e g . /  sec . )

VI V2 V3 V4 V5 V6

.05 .10 .15 .30 .80 1 .5

M ean Arc Sin Values

.70079 .97849 1.24054 1.53426 2 .12499 2 .4 5 6 9 5

Comparisons

VI vs. V2 V2 vs. 
V3 
V4 
V5*
V6*

V3
V4
V5
V6*

V3 vs. V4 V4
V5
V6

vs. V5 
V6

V5 vs. V6

Duration ( s e c . )

D1 D2 D3 D4 D5 D6

1 2 4 6 8 10

M ean Arc Sin Values

1.03959 1.21923 1.49851 1.58804 1.72728 1 .96337

Comparisons

D1 vs. D2 D2 vs. 
D3 
D4 
D5 
D6

D3
D4
D5
D6

D3 vs. D4 D4
D5
D6

vs. D5 
D6

D5 v s . D6

* = P < .  05
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TABLE AT -  7

Scheffe Test for Simple M ain Effects on the V elocity  by Duration In teraction  for 

Percent C orrect D etection , Using Arc Sin Transformed Values ( N — 3 ) .

M ean Arc Sin Values
Duration ( s e c . )

D1 D2 D3 D4 D5 D6

1 2 4  6 8 10

8 V I ( .05  ) 
s

.83859 .96515 1.04136 1.15189 1.02041 1.20715

S  V 2 (  .1 0 )
"O

.85954 1.04136 1.19379 1.22810 1.28336 1.68132

X  V3 ( .1 5 ) 1.04627 1.28336 1.49105 1.54631 1.70719 2 .0 4 9 8 9

|  V 4 (  .3 0 ) 1.25396 1.38052 1.75754 1.88410 1.98971 2 .1 7 9 9 9

V5 ( .8 0 ) 1.41484 1.70227 2.38767  2 .46389 2 .74778 2 .7 4 7 7 8

V6 ( 1 .5  ) 

Comparisons

1.83729 2.51915 2.54010 2.59536 2 .82400 2 .8 2 4 0 0

a t 1 sec . VI vs. V2 
V3 
V4 
V5* 
V6*

V2 vs. V3 
V4 
V5 
V6*

V3 vs. V4 V4 vs. 
V5 
V6

V5 V5 vs 
V6*

. V6

a t  2 s e c . VI vs. V2 
V3 
V4 
V5*

V2 vs. V3 
V4 
V5 
V6*

V3 v s . V4 V4 v s . 
V5 
V6*

V5 V 5 v s  
V6*

. V6*

V6*

a t 4  s e c . VI vs. V2 V2 vs. V3 V3 v s . V4 V4 vs. V5* V5 v s . V6 
V3 V4 V5* V6
V4* V5* V6*
V5* V6*
V6*

* = P < .  05
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TABLE A1 - 7 ( con t. )

Comparisons

a t  6 sec . VI vs. V2 V2 vs. V3 V3 vs. V4 V4 vs. V5* V 5 vs. V6
V3 V4* V5* V6*
V4* V5* V6*
V5* V6*
V6*

a t 8 sec . VI vs. V2 V2 vs. V3 V3 vs. V4 V4 vs. V5* V5 vs. V6
V3* V4* V5* V6*
V4* V5* V6*
V5* V6*
V6*

a t 10 se c . V I vs. V2 V2 vs. V3 V3 vs. V4 V4 vs. V5 V5 vs. V6
V3* V4 V5* V6*
V4* V5* V6*
V5* V6*
V6*

a t .0 5 ° / sec . D1 vs. D2 D2 vs. D3 D3 vs. D4 D4 v s . D 5 D5 vs. D6
D3 D4 D5 D6
D4 D5 D6
D5 D6
D6

a t  . 10°/ se c . D1 vs. D2 D2 vs. D3 D3 vs. D4 D4 vs. D5 D5 vs. D6
D3 D4 D5 D6
D4 D5 D6
D5* D6
D6*

a t . 15 ° /  sec . D1 vs. D2 D2 vs. D3 D3 vs. D4 D4 v s . D5 D5 vs. D6
D3 D4 D5 D6
D4 D5 D6
D5* D6
D6*

* =  P C . 0 5



TABLE A 1 - 7  ( cont. )

a t  .30* / sec,

a t  . 8 0 /  s e c . D1 vs.

at 1 .5 7  sec. D1 vs.

D2 D2 vs. D3 D3 vs. D4 D4 vs. D5 D5 vs. D6
D3 D4 D5 D6
D4 D5* D6
D5* D6*
D6*

D2 D2 vs. D3 D3 vs. D4 D4 vs. D5* D5 vs. D6
D3 D4 D5* D6*
D4 D5* D6*
D5* D6*
D6*

D2 D2 vs. D3 D3 vs. D4 D4 vs. D5 D5 vs. D6*
D3 D4 D5 D6*
D4 D5 06*
D5 D6*
D6*

* = P C .0 5



APPENDIX 2



1 Response lim e  ( se c . ) as a  function o f log angular v e lo c ity  ( d e g . /  

sec . ) for both upward ( solid  line ) and downward ( broken line ) 

movements a t starting positions o f 15°, 25°, and  3 5 % r sub ject JB. 

Each da ta  point represents a  mean for co rrect de tec tio n s. The vari­

ab ility  measure is +  1 SD.
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F ig .A 2 - 2  Percent co rrect detection  as a function o f log angular v e lo c ity  ( d e g . /  

s e c . ) for movements o f one second ( open c irc le , do tted  lin e  }, two 

seconds ( open square, broken line ) , four seconds ( open tr ia n g le , 

broken line ) , six seconds ( filled  c irc le , dotted line  ) , e ig h t seconds 

( filled  square, broken line ) ,  and ten seconds ( f illed  tr ia n g le , so lid  

line ) for sub ject JB .
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F ig . A 2 - 3 Percent co rrec t detection  as a  function of stimulus duration ( se c . ) 

for movements a t .0 5 ° /  s e c . ( open c irc le , dotted  line ) , A (fY  sec . 

(o p en  square, broken line ) ,  A S 0/  sec . (o p e n  tr ian g le , solid line ) ,  

. 3 0 ^  se c . ( filled  c irc le , do tted  line ) ,  .8 0 ° /  sec . ( f illed  square, 

broken line ) ,  and 1 .5 ^  se c . ( f illed  trian g le , solid line ) for 

subject JB .
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Fig. A 2 - 4  Percent co rrec t detection  as a  function of log angular displacem ent 

( d eg . ) for sub jec t JB . The subscripts for each data poin t represent 

th e  ve lo c ity  -  duration products ind icated  in Table 7 . M ultip le d a ta  

points a t a  given displacem ent ind icate  th a t two or more ve locity  -  

duration com binations y ielded  the same product.
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