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A B S T R A C T  

Tr e e sl ot hs e v ol v e d b el o w -br a n c h l o c o m oti o n m a ki n g t h e m o n e of f e w m a m m ali a n t a x a 

b e y o n d  pri m at es  f or  w hi c h  s us p e nsi o n  is  n e arl y  o bli g at or y.  S us p e nsi o n  r e q uir es  str o n g 

li m b  fl e x or  m us cl es t h at pr o vi d e  b ot h  s u p p ort  a n d  pr o p ulsi o n,  a n d  a v ail a bl e  l o c o m ot or 

m e c h a ni cs d at a i n di c at e t h at t h es e r ol es diff er b et w e e n f or e - a n d hi n dli m b p airs. M us cl e 

str u ct ur e i n  t h e p el vi c li m b is h y p ot h esi z e d t o b e a k e y a n at o mi c al c o rr el at e of f u n cti o n al 

r ol es  i n  br a ki n g/s u p p ort  d uri n g  s us p e ns or y  w al ki n g  a n d  pr o p ulsi o n/s u p p ort  d ur i n g 

v erti c al  cli m bi n g. T his e x p e ct ati o n  w as  t est e d  b y q u a ntif yi n g  ar c hit e ct ur e  pr o p erti es  i n 

t h e  hi n dli m b  m us c ul at ur e  of  br o w n-t hr o at e d  t hr e e-t o e d  sl ot hs  (Br a d y p us  v ari e g at us : 

N = 7)  t o  disti n g uis h  t h e  r ol e s  of  t h e  fl e x or/ e xt e ns or  f u n cti o n al  m us cl e  gr o u ps  at  e a c h 

j oi nt. M e as ur e m e nts  of  m us cl e  m o m e nt  ar m  ( r m ),  m us cl e  m as s  ( M M), m us cl e  l e n gt h 

( M L),  f as ci cl e  l e n gt h  ( LF ),  p e n n ati o n  a n gl e  ( θ),  a n d  p h ysi ol o gi cal  cr os s -s e cti o n al  ar e a 

( P C S A) w er e t a k e n fr o m n = 4 6 m us cl es. O v er all, m ost m us cl es st u di e d s h o w pr o p erti es 

f or  c o ntr a ctil e  e x c ursi o n  a n d  f ast  j oi nt  r ot ati o n al  v el o cit y.  H o w e v er,  t h e fl e x or 

m us c ul at ur e  is  m or e  m as si v e  ( p = 0. 0 4 8)  a n d h as  l ar g er  P C S A  (p = 0. 0 0 3)  t h a n t h e 

e xt e ns ors, es p e ci all y at t h e k n e e j oi nt a n d di gits w h er e w ell -d e v el o p e d a n d str o n g fl e x ors 

ar e c a p a bl e  of  a p pl yi n g  l ar g e  j oi nt  t or q u e. M or e o v er, s el e ct e d  hi p  fl e x ors/ e xt e ns ors  a n d 

k n e e  fl e x ors h a v e  m o difi e d  l o n g r m  t h at  c a n  a m plif y  j oi nt  t or q u e  i n  m us cl es  wit h 

ot h er wis e l o n g,  p ar all el f as ci cl es,  a n d  o n e  m us cl e  ( m.  ili o ps o as)  w as  c a p a bl e  of 

m o d er at el y  hi g h  p o w er. T h e  ar c hit e ct ur al  pr o p erti es  o bs er v e d  f or  t h e  hi p  fl e x ors  a n d 

e xt e ns ors  m at c h  w ell  wit h  r ol es  i n  s us p e ns or y  br a ki n g  a n d  v erti c al  pr o p ulsi o n, 

r es p e cti v el y,  w h er e as  str o n g  k n e e  fl e x ors  a n d  di git al  fl e x ors  a p p e ar  t o  b e  m ai n  t h e 

m us cl es  pr o vi di n g  s us p e ns or y st a bilit y  i n  t h e  p el vi c  li m b. Wit h  ai d i n s u p p ort  b y  t h e 

f or eli m bs  a n d  us e  of  a d a pti v e  l o c o m ot or  a n d  m us cl e  r e cr uit m e nts  p att er ns,  str u ct ur e -

f u n cti o n  i n  t h e  t e nsil e  li m b  s yst e ms  of sl ot hs  c oll e cti v el y  r e pr es e nts  a  m e c h a nis m  f or 

e n er g y c o ns er v ati o n.  
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b y a J o ur n al of E x p eri m e nt al Bi ol o g y  Tr a v eli n g F ell o w s hi p  [J E B T F 2 0 0 3 4 4 0 ]. T h e Y S U 

Offi c e of R es e ar c h a n d D e p art m e nt of C h e mi c al a n d Bi ol o gi c al S ci e n c es  ar e a d diti o n all y 
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I N T R O D U C TI O N  

Tr e e s l ot hs e v ol v e d b el o w-br a n c h ( a nti -pr o n o gr a d e) l o c o m oti o n m a ki n g t h e m o n e of f e w 

m a m m ali a n t a x a b e y o n d pri m at es f or w hi c h s us p e nsi o n is n e arl y o bli g at or y.  S us p e ns or y  

pri m at es ,  h o w e v er, m a y us e  p e n d ul u m -li k e  e x c h a n g es  of  e n er g y vi a  ar m  s wi n gi n g  t o 

r e d u c e t h e m et a b oli c  c ost of  l o c o m oti o n ( B ertr a m  a n d  C h a n g,  2 0 0 1), w h er e as s u c h 

m e c h a ni cs  ar e  n ot  a v ail a bl e  t o  sl ot hs.  I nst e a d ,  sl ot hs  m ust  m o v e  i n  a sl o w,  d eli b er at e 

m a n n er  t h at  mi ni mi z es  fl u ct u ati o ns  of  t h e  d y n a mi c  f or c es  e x ert e d  o n  t h e s u bstr at e 

( N y a k at ur a a n d A n dr a d a, 2 0 1 3) s o as n ot t o m a k e t h e s u p p ort u nst a bl e,  or  os cill at e, t h us 

a v oi di n g w ast e d  eff ort  w h e n s us p e ns or y w al ki n g ( S W).  This s u g g ests  t h at t h eir 

m o v e m e nt s  ar e  e ntir el y  dri v e n  b y  m us cl e a cti v ati o n a n d p ositi v e w or k (G or v et  et  al., 

2 0 2 0) ,  or  f urt h er t h at  c o-c o ntr a cti o n  of  f or e - a n d  hi n dli m b  fl e x ors m a y  b e  r e q uir e d  t o 

mi g ht  m a k e  t h e  l o n g  a xis  of  t h e  b o d y  ri gi d  t o  pr e v e nt  h ori z o nt al  l e v eri n g  d uri n g  S W  

( Gr a n at os k y  et  al.,  2 0 1 8). M or e o v er,  si n c e  l o c o m oti o n  a n d  p ost ur e  i n  sl ot hs  is i n t h e 

i n v ers e  ori e nt ati o n  r el ati v e  t o  pr o n o gr a d e  m a m m als,  gr a vit ati o n al  i n d u c e d  e xt e ns or 

t or q u es  at  t h e  li m b  j oi nts  m ust  b e  c o ntr oll e d  b y  li m b  fl e x or  mus cl es  ( F uji w ar a  et  al.,  

2 0 1 1). M us cl e a cti v ati o ns h a v e b e e n  s h o w n t o b e pr otr a ct e d a n d m a xi m al f or t h e el b o w 

fl e x ors w h e n  t hr e e -t o e d  sl ot hs  p erf or me d  s us p e ns or y  l o c o m oti o n  ( G or v et  et  al.,  2 0 2 0) . 

A n  a nti -gr a vit y  r ol e at  t h e  el b o w j oi nt h as  li k e wis e  b e e n d e m o nstr at e d  f or  br a c hi ati n g 

pri m at es a n d i n l orisi ds t h at e m pl o y s us p e ns or y l o c o m oti o n as w ell as sl o w, i nt er mitt e nt 

m o v e m e nt p att er ns (J u n g ers a n d St er n 1 9 8 0, 1 9 8 1; J o uffr o y a n d St er n, 1 9 9 0).   

     R e c or ds  of  s u bstr at e  r e a cti o n  f or c es  ( S R F)  ar e  e q u all y i m p ort a nt  t o u n d erst a n di n g 

t e nsil e li m b  s yst e m  f u n cti o n  i n  ar b or e al  t a x a. I n  c o ntr ast  t o  t h e  p att er ns  t y pi c al  of 

pri m at es,  w hi c h  s h o w  hi n dli m b -bi as e d  b o d y  w ei g ht  s u p p ort  as  w ell  as  n et  pr o p ulsi v e 

i m p uls e b y t h e hi n dli m bs ( H a n n a et al., 2 0 1 7), Gr a n at os k y a n d S c h mitt ( 2 01 7) f o u n d t h at 

f or eli m bs  of  t w o-t o e d  sl ot hs  ar e  t h e  m ai n  pr o p ulsi o n  el e m e nts  d uri n g  S W, w hil e  t h e 

hi n dli m bs  p erf or m  gr e at er  n et  br a ki n g ,  all  w hil e  sl ot hs m ai nt ai n  t h e  p ositi o n  of  t h eir 

c e nt er  of  m as s  ( C o M)  e v e nl y  b et w e e n  t h eir  f or e - a n d  hi n dli m b p airs.  T h es e  u n us u al 

l o c o m ot or m e c h a ni cs ar e n ot f ull y u n d erst o o d or  h a v e y et t o b e st u di e d i n a n y s p e ci es of 

Br a d y p us ,  w h er e as S R F  ar e  n ot  a v ail a bl e  f or  v erti c al  cli m bi n g  ( V C)  i n  sl ot hs. D uri n g 

V C, b ot h p airs of li m bs ar e e x p e ct e d t o h a v e a p r o p ulsi v e a n d s u p p ort f u n cti o n si mil ar t o 

l orisi ds ( H a n n a  et  al.,  2 0 1 7).  Gi v e n  t h e  o v er all  si mil arit y  i n  b e h a vi or  b et w e e n  t h e  sl o w 
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l oris (N y cti c e b us ) a n d sl ot hs, it is li k el y t h at t h e hi n dli m bs h a v e a n i m p ort a nt a nti -gr a vit y 

r ol e  t o  pl a y  w h e n  gr as pi n g/ cli n gi n g  or  cli m bi n g  i n  a n  u pri g ht  p ositi o n. T h er ef or e,  i n 

a d diti o n  t o  S W  i n  sl ot hs,  V C  c o m es  wit h  a n  el e v at e d e n er g y  e x p e ns e  ( H a n n a  et  al., 

2 0 0 8) . Alt h o u g h,  e vi d e n c e  fr o m  G or v et  et  al.  ( 2 0 2 0)  i n di c at es  t h at  sl ot hs  m a y h a v e  t h e 

a bilit y t o offs et s o m e of t h e m et a b oli c c ost of b ot h b e h a vi ors b y s el e cti v e r e cr uit m e nt of 

sl o w -c o ntr a cti n g fi b ers w h e n gr e at er f or c e pr o d u cti o n is r e q uir e d b y t h eir li m b m us cl es.   

     T h e  e n er g eti c  c ost  of  l o c o m oti o n  is  l ar g el y  d e p e n d e nt  o n  t h e  c ost  of  m us cl e  f or c e 

pr o d u cti o n ( Kr a m a n d T a yl or, 1 9 9 0 ), w hi c h i n t ur n i s d et er mi n e d b y m y osi n h e a v y c h ai n 

( M H C) e x pr es si o n a n d i ntri nsi c fi b er c o ntr a ctil e pr o p erti es. M H C fi b er t y p e a n d m us cl e 

m et a b oli c c h ar a ct eristi cs ar e est a blis h e d  f or sl ot hs. T h e m y osi n fi b er t y p e distri b uti o n i n 

t h e li m b m us c ul at ur e of t hr e e-t o e d sl ot hs is n e arl y 9 0 % sl o w M H C-1 ( S p ai n h o w er et al., 

2 0 2 1) . I n p arti c ul ar, B r a d y p us  e x pr es s e d l ar g e pr o p orti o ns of sl o w M H C -1 fi b ers i n t h eir 

hi p  fl e x ors i m pl yi n g a p os si bl e f u n cti o n al  r ol e  of  j oi nt  st a bilit y  (i. e.,  a nti-gr a vit y 

m us cl es) . Sl o w -c o ntr a cti n g m us cl es ar e i m p ort a nt f or p ost ur e , i n a d diti o n t o c o ntr olli n g 

a c c el er ati o n s  of  t h e C o M  (i. e.,  mi ni mi zi ng  d est a bili z ati o n  of  t h e  b o d y).  B ot h Br a d y p us  

a n d C h ol o e p us  als o  l a c k e x pr es si o n of t h e f ast M H C-2 X a n d -2 B is of or ms  (S p ai n h o w er 

et  al.,  2 0 1 8,  2 0 2 1). Str o n g,  sl o w -c o ntr a cti n g  m us cl e  fi b ers  c o ul d  b e  a  f u n cti o n al 

r e quir e m e nt  f or s us p e ns or y  h a bits  w h er e  s ust ai n e d  a cti v ati o ns  of  n u m er o us  li m b  fl e x or 

m us cl es  ar e  e x p e ct e d  t o  b e  n e c es s ar y  f or  j oi nt  st a bili z ati o n  a n d  t h e  pr ol o n g e d 

gri p pi n g/ gr as pi n g  b e h a vi ors  i n  sl ot hs.  H o w e v er,  b e y o n d  i ntri nsi c  c o ntr a ctil e pr o p erti es, 

m us cl e f u n cti o n is  oft e n c o nst r ai n e d b y fi b er ar c hit e ct ur e ( Lie b er, 2 0 0 9) .  

     T h er e  ar e  t w o  m ai n  fi b er  ar c hit e ct ur es  o bs er v e d  s k el et al  m us cl es :  p e n n at e- a n d 

p ar all el -fi b er e d  m us cl es. I n  g e n er al,  pe n n at e -fi b er e d m us cl es  h a v e  r esti n g  p e n n ati o n 

a n gl es  of  1 5 – 4 5 ° , w h er e as  p ar all el -fi b er e d  m us cl es  h a v e  l o n g  f as ci cl es  t h at  m a y 

a p pr o xi m at e t h e l e n gt h of t h e m us cl e b ell y  a n d ar e ori e nt at e d at l o w a n gl es ( 0 – 1 5º) t o t h e 

f or c e  a xis  of  t h e  m us cl e  ( Z aj a c,  1 9 8 9, 1 9 9 2 ). M us cl e s  wit h  p e n n at e  f as ci cl es  t y pi c all y 

h a v e  l ar g e p h ysi ol o gi c al  cr os s -s e cti o n al  ar e a  ( P C S A) as  w ell  as  t h e c a p a cit y  f or l ar g e 

is o m etri c f or c e pr o d u cti o n ( Al e x a n d er, 1 9 8 4; Willi a ms et al., 2 0 0 8). O n t h e ot h er h a n d, 

fas ci cl es t h at ar e arr a n g e d i n p ar all el t o t h e li n e of a cti o n pr o vi d e  s h ort e ni n g a bilit y (i. e., 

c o ntr a ctil e  e x c ursi o n)  a n d  a gr e at er  c a p a cit y f or  p erf or mi n g  w or k  a n d  p o w er  t h a n 

p e n n at e -fi b er e d  m us cl es ( G a ns,  1 9 8 2,  A zi zi  et  al.,  2 0 0 8).  P ar all el-fi b er e d m us cl es  wit h 
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l o n g  f as ci cl es ar e  t h us  b ett er  s uit e d f or m o v e m e nts r e q uiri n g v el o cit y  of  c o ntr a cti o n 

a n d/ or  l ar g e  R O M  at  t h e  li m b  j oi nts. I n d e e d,  t h e  hi n dli m b of B r a d y p us  w as  pr e vi o usl y 

o bs er v e d  t o  c o nt ai n  pr e d o mi n a ntl y  p ar all el -fi b er e d  m us cl es ( B ut c h er  et  al., i n  r e vi e w); 

h o w e v er,  m us cl e ar c hit e ct ur al  pr o p erti es fr o m t h e  p el vi c  li m b h a v e  n ot b e e n  e x a mi n e d  

f or  eit h er  g e n us  of  tr e e  sl ot h,  alt h o u g h t h e y  ar e  a v ail a bl e  f or  t h e  f or eli m b  m us c ul at ur e 

(Di ni z  et  al.,  2 0 1 8; Ols o n  et  al.,  2 0 1 8).  T o  s u m m ari z e , t h e  f or eli m b of Br a d y p us  

d e m o nstr at es a pr o xi m al -t o-dist al i n cr e as e i n p e n n ati o n, c o nt ai ns  str o n g fl e x ors , a n d h as 

m us cl e  g e ari n g s  c o nsist e nt  wit h  pr o p ulsi o n  d uri n g  b ot h  S W  a n d  V C,  i n  a d diti o n  t o  a 

c o m m o n f u n cti o n of t h e m us c ul at ur e i n  s us p e ns or y s u p p ort ( Ols o n et al., 2 0 1 8) . M us c l e 

pr o p erti es r el at e d  t o  j oi nt  st a bilit y s h o ul d  si mil arl y b e  e x p e ct e d i n t h e  hi n dli m b,  w hi c h 

m a y h a v e a n e v e n gr e at er r ol e i n s u p p ort ( G off art, 1 9 7 1), b ut its  m us cl es s h o ul d  als o b e 

r e q uir e d t o s u p pl e m e nt  w or k a n d p o w er f or V C .    

     T his  st u d y  ai ms  t o q u a ntif y  m us cl e  ar c hit e ct ur al  pr o p erti es  i n  t h e  hi n dli m b  of  t h e 

br o w n -t hr o at e d t hr e e-t o e d sl ot h (Br a d y p us v ari e g at u s ). Q u a ntifi c ati o ns of f as ci cl e l e n gt h, 

P C S A,  a n d  m us cl e  m o m e nt  ar m will h el p  t o  disti n g uis h  t h e  r ol e  of  f u n cti o n al  m us cl e 

gr o u ps, i n a d diti o n t o t h at of t h e hi n dli m b d uri n g  ar b or e al l o c o m ot or b e h a vi ors i n sl ot hs. 

T o  t his  e n d,  t h e  c o ntri b uti o ns  of  t h e  m us cl e  m a s s  a n d  P C S A  t o  f or c e  a n d  t or q u e 

a p pli c ati o n c a p a cit y will b e us e d t o f urt h er e v al u at e f u n cti o n i n a t e nsil e li m b s yst e m . It is 

h y p ot h esi z e d t h at t h e ar c hit e ct ur al pr o p erti es o bs er v e d will b e k e y a n at o mi c al c orr el at es 

of  f u n cti o n al  r ol es  i n  br a ki n g/s u p p ort  d uri n g  S W  a n d  pr o p ulsi o n/s u p p ort  d uri n g  V C. 

S p e cifi c all y,  f or t h e hi n dli m b of B.  v ari e g at us  it  is  pr e di ct e d  t h at:  ( 1) t ot al  P C S A  a n d 

s u mm e d t or q u es (i. e., str e n gt h) of t h e fl e x or m us c ul at ur e will b e l ar g er t h a n t h os e of t h e 

e xt e ns ors  at  t h e  hi p,  k n e e,  a n d  a n kl e  j oi nts;  ( 2)  m.  s art ori us,  m.  ili o ps o as,  a n d/ or  m. 

a d d u ct or will h a v e l ar g e P C S A a n d l e v er a g e at t h e hi p j oi nt f or br a ki n g f u n cti o n  d uri n g 

S W; ( 3) w ell -d e v el o p e d a n d str o n g k n e e fl e x ors will h a v e l o n g m us cl e m o m e nt ar ms f or 

t h e  a p pli c ati o n  of  l ar g e  m e di all y-dir e ct e d  f or c es  o n  t h e  s u bstr at e  t o  st a bili z e  hi n dli m b 

s u p p ort; a n d ( 4) hi p e xt e ns ors will h a v e l o n g f as ci cl es, b ut a p pr e ci a bl e m us cl e m as s a n d 

m o m e nt  ar ms  f or  pr o p ulsi o n  d uri n g  v erti c al  cli m bi n g.  T h e s e e x p e ct e d  r es ults  will 

s u bst a nti all y i m pr o v e u n d erst a n di n g of s us p e ns or y a d a pt ati o ns i n sl ot h li m bs . 
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M A T E RI A L S A N D M E T H O D S  

St u d y a ni m als  

T h e  hi n dli m bs  of N = 7  t hr e e -t o e d  sl ot hs w er e  pr e vi o usl y  dis s e ct e d  f or  t his  st u d y  

( m or p h o m etri c d at a a v ail a bl e i n B ut c h er et al., i n r e vi e w: T a bl e 1). All i n di vi d u als eit h er 

di e d  of  n at ur al  c a us es  or  w er e  e ut h a ni z e d  f or  r e as o ns  u nr el at e d  t o  t his  st u d y , a n d  aft er 

w hi c h, w er e fr o z e n (-2 0º C) a n d st o r e d u ntil o bs er v ati o n. S p e ci m e ns w er e all o w e d t o t h a w 

f or  2 4 − 3 0  h  pri or  t o  dis s e cti o n.  O n e  hi n dli m b  (ri g ht  or  l eft)  w as  us e d  f or  m us cl e 

ar c hit e ct ur al  m e as ur e m e nts  a n d  t h e  ot h er  f or  m us cl e  h ar v esti n g  (s e e  S p ai n h o w er  et  al., 

2 0 2 1). T h e c ar c as s es w er e dis p os e d of b y b ur ni n g  f oll o wi n g m us cl e s a m pli n g . T his w or k 

w as  c o n d u ct e d  at  T h e  Sl ot h  S a n ct u ar y  i n  P e ns h urst -Lí m o n,  C ost a  Ri c a  i n  S pri n g  2 0 1 5 

a n d  S pri n g  2 0 1 7 -2 0 1 9.  All  pr o c e d ur es  c o m pli e d  wit h  pr ot o c ols  a p pr o v e d  b y  t h e  C ost a 

Ri c a Mi nistr y of t h e E n vir o n m e nt, E n e r g y, a n d T e c h n ol o g y ( MI N A E: R-0 3 3 -2 0 1 5 t o R. 

Cliff e a n d R. Ols o n;  R -0 0 8 -2 0 1 7 t o M. T. B ut c h er ) a n d a d h er e d t o t h e l e g al r e q uir e m e nts 

of t h e U nit e d St at es.  

Hi n dli m b m y ol o g y  

M y ol o gi c al  d es cri pti o ns f or B. v ari e g at us  dis s e cti o n f oll o w e d t h os e of M a c alist er ( 1 8 6 9), 

H u m p hr e y  ( 1 8 7 0),  M a c ki nt os h  ( 1 8 7 5 b ),  a n d  Wi n dl e  a n d  P ars o ns  ( 1 8 9 9).  M us cl e 

n o m e n cl at ur e cl os el y a d h er e d t o  t h e N o mi n a A n at o mi c a V et eri n ari a (N A V: I nt er n ati o n al 

C o m mitt e e  o n  V et eri n ar y  Gr os s  A n at o mi c al  N o m e n c l at ur e  2 0 1 2). S y n o n y ms  of  s e v er al 

m us cl es ( e. g., m. pl a nt aris a n d m. p er o n e us l o n g us) ar e pr o vi d e d t o f a cilit at e c o m p aris o ns 

wit h pr e vi o us w or ks o n sl ot h m y ol o g y. M us cl e n a m es a n d a b br e vi ati o ns ar e pr es e nt e d i n 

T a bl e 1 . Bri efl y,  t h e  hi n dli m bs  w er e  s ki n n e d a n d  all  m us cl es  w er e  s yst e m ati c all y 

dis s e ct e d ( e x cis e d pr o xi m al -t o-dist al) b e gi n ni n g wit h e xtri nsi c  m us cl es of t h e hi n dli m b. 

E a c h  b ell y  w as  i d e ntifi e d,  a n d its ori gi n,  i ns erti o n,  a n d  fi b er  ar c hit e ct ur e (v erifi e d  b y 

mi cr o dis s e cti o n)  w er e r e c or d e d  ( T a bl e 1), al o n g wit h esti m ati o ns of its a cti o ns  ( T a bl e 2). 

M us cl es w er e p eri o di c all y m oist e n e d wit h a s ali n e s ol uti o n t o pr e v e nt d esi c c ati o n d uri n g 

t h e dis s e cti o n. If o bs er v ati o n a n d m e as ur e m e nt c o ul d n ot b e c o n cl u d e d i n o n e d a y, t h e n 

t h e  li m b  w as  wr a p p ed  i n  g a u z e  s o a k e d  i n  s ali n e  a n d  st or e d  o v er ni g ht  i n  a  r efri g er at or.  

S e v er al p h ot o gr a p hs w er e t a k e n f or e a c h m us cl e b ell y a n d at e a c h l e v el of dis s e cti o n wit h 

a n α -n e x  5  di git al  c a m er a  ( S o n y,  J a p a n)  a n d  t h es e  i m a g es  w er e  us e d  t o  c o nstr u ct  li m b 

m us cl e m a ps a n d ill ustr ati o ns of m us cl e t o p o gr a p h y  ( B ut c h er et al., i n r e vi e w).  
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A r c hit e ct u r al p r o p e rti es  

Ar c hit e ct ur al  pr o p erti es  w er e  t a k e n  fr o m  e a c h  m u s cl e  f oll o wi n g  est a blis h e d  m et h o ds 

( M o or e  et  al.,  2 0 1 3;  R os e  et  al.,  2 0 1 3;  R u p ert  et  al.,  2 0 1 5;  Ols o n  et  al.,  2 0 1 8) .  M us cl e 

m o m e nt ar m ( r m ) w as m e as ur e d i n sit u as t h e p er p e n di c ul ar dist a n c e b et w e e n t h e m us cl e 

li n e  of  a cti o n  a n d  t h e  esti m at e d  j oi nt  c e nt er  of  r ot ati o n  ( m ar k e d  wit h  dis s e cti o n  pi ns 

p us h e d t hr o u g h t h e j oi nts) ; it i n di c at es t h e m e c h a ni c al/ v el o cit y a d v a nt a g e a M T U h as t o 

eit h er fl e x or e xt e n d a j oi nt. S p e cifi c all y, r m  w as m e as ur e d t hr e e ti m es wit h t h e hi p , k n e e , 

a n d  a n kl e  j oi nts at  a n  a n gl e  o f  9 0 °.  F oll o wi n g  t h e  r e m o v al  of  e a c h  m us cl e  a n d  all 

as s o ci at e d fr e e t e n d o ns, w et m us cl e m as s ( M M) w a s r e c or d e d t o t h e n e ar est 0. 1 g usi n g 

a n  el e ctr o ni c  b al a n c e  ( M o d el:  S c o ut -Pr o;  O h a us,  U S A).  M us cl e  l e n gt h  ( M L)  w as 

m e as ur e d  t o  t h e  n e ar est  0. 0 1  m m  wit h  di git al  c ali p ers  ( M o d el:  C D -8  C S X;  Mit ut o y o, 

J a p a n). F as ci cl e l e n gt h ( L F ) w as m e as ur e d at n = 5– 1 0 r a n d o m sit es ( d e p e n di n g o n m us cl e 

si z e) wit hi n t h e m us cl e b ell y wit h di git al c ali p ers. L astl y, p e n n ati o n a n gl e ( θ: i n d e g) w as 

r e c or d e d  ( n = 5– 1 0)  usi n g  a  g o ni o m et er  t o  m e as ur e  t h e  a n gl e  (t o  t h e  n e ar est  d e gr e e) 

b et w e e n  t h e  f as ci cl es  a n d  eit h er  t h e  m us cl e  l o n g  a xis  or  i nt er n al  t e n d o n;  m us cl es 

a v er a gi n g  < 1 5 °  w er e  g e n er all y  c o nsi d er e d  t o  b e  p ar all el -fi b er e d.  Wit h  t h e  e x c e pti o n  of 

M M, w h e n p ossi bl e, e a c h of t h es e  m etri cs w er e t a k e n i n sit u wit h t h e  li m b j oi nts at t h e 

n e utr al p ositi o n.   

D at a a n al ysis  

P C S A w as c al c ul at e d wit h t h e e q u ati o n : ( V/ LF ) x c o s θ, w h er e V is m us cl e v ol u m e ( M M 

di vi d e d  b y  a  m us cl e  d e nsit y  of  1. 0 6  g  c m -3 :  M e n d e z  a n d  K e y es,  1 9 6 0),  LF is m e a n  

f as ci cl e  l e n gt h,  a n d  θ  is m e a n  p e n n ati o n  a n gl e. P e n n ati o n  a n gl e  w as  us e d  i n  t h e 

c al c ul ati o ns  of  P S C A  (i n  c m 2 )  t o  p er mit  m or e  a c c ur at e  esti m at es  of  is o m etri c  f or c e 

( Willi a ms et al., 2 0 0 8 b). W hil e P C S A is t y pi c all y l ar g er i n p e n n at e -fi b er e d m us cl es, it is 

i m p ort a nt t o r e c o g ni z e t h at p ar all el-fi b er e d m us cl es wit h l ar g e m as s c a n als o h a v e l ar g e 

P C S A  d u e  t o  t h e  us e  of  v ol u m e  ( m as s  a n d  v ol u m e  ar e  r el at e d  b y  d e nsit y)  i n  its 

c al c ul ati o n. Is o m etri c f or c e ( F m a x ) w as d et er mi n e d b y m ulti pl yi n g P C S A b y a m a xi m u m 

is o m etri c str es s of 3 0 N c m2  ( W ol e d g e et al., 1 9 8 5; M e dl er, 2 0 0 2). Ma xi m al j oi nt t or q u e 

( at a j oi nt a n gl e of 9 0º) w as si m pl y c al c ul at e d  as F m a x  × r m . Inst a nt a n e o us m us cl e p o w er 

( Pi nst) w as c al c ul at e d  as  0. 1( F m a x  ×  V m a x )  ( Hill  1 9 3 8),  w h er e  Vm a x  is  m a xi m u m  fi b er 

s h ort e ni n g v el o cit y . A si z e -s p e cifi c v al u e of 0. 5 8 F L s -1  (fi b er l e n gt hs p er s e c o n d) f or a 4 
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k g a d ult B. v ari e g at us  ( Ols o n et al., 2 0 1 8) w as  pr e di ct e d usi n g p u blis h e d sl a c k t est d at a 

( at 1 2º C: T o ni ol o et al., 2 0 0 7) f or sl o w M H C-1 fi b ers i n m a m m als (t h e pri m ar y is of or m  

i n sl ot hs: S p ai n h o w er et al., 2 0 18 , 2 0 2 1). A c c o u nti n g f or a Q 1 0  of 2 – 6 f or V m a x  ( P at e  et 

al.,  1 9 9 4;  R a n at u n g a,  1 9 9 6),  a  v al u e  of  2. 3  F L  s -1  w as d et er mi n e d  n e ar  p h ysi ol o gi c 

t e m p er at ur e ( ~ 3 4º C) f or sl ot hs. I m p ort a ntl y, F m a x , j oi nt t or q u e, Pi nst ar e esti m at es a n d ar e 

us e d h er e t o i n di c at e f u n cti o n al c a p a cit y of m us cl es ( Willi a ms et al., 2 0 0 7 b; R u p ert et al., 

2 0 1 5;  Ols o n  et  al.,  2 0 1 8). L ast,  t w o si z e-s c al e d  r ati os  w er e  c o m p ut e d  as a r c hit e ct ur al 

i n di c es  ( AI): f as ci cl e  l e n gt h  t o  m us cl e  l e n gt h  ( LF / M L) a n d f as ci cl e l e n gt h  t o  m us cl e 

m o m e nt  ar m  l e n gt h  ( L F /r m ) ( R u p ert  et  al.,  2 0 1 5). A  L F / M L r ati o cl os e  t o  1. 0  i n di c at es 

l ar g e s h ort e ni n g  a bilit y,  or c o ntr a ctil e  e x c ursi o n , i n st e a d  of  f or c e  d u e  t o  l o n g  f as ci cl es, 

w h il e  a  LF /r m  gr e at er  t h a n  2 – 3  i n di c at es  gr e at er  j oi nt  e x c ursi o n ( R O M) p er  c h a n g e  i n 

m us cl e f as ci cl e l e n gt h.  

St atisti cs  

D es cri pti v e  st atisti cs  f or  all  r a w  li n e ar  m e as ur e m e nts  a n d  c al c ul ati o ns w er e  r e p ort e d  as 

m e a n  ±  s. d.  (st a n d ar d  d e vi ati o n)  u nl es s  ot h er wis e  s p e cifi e d. All a bs ol ut e  m e as ur e m e nts 

( e x c e pt p e n n ati o n a n gl e) w er e s c al e d t o b o d y m as s ( B M) t o a c c o u nt f or t h e r a n g e i n b o d y 

si z e  a m o n g  t h e  i n di vi d u als  s a m pl e d  (j u v e nil e  t o  a d ult:  1. 0 1 – 4. 5  k g).  D at a  w er e 

s p e cifi c all y n or m ali z e d m as s  as s u mi n g t h e n ull h y p ot h esis of is o m etr y  ( Al e x a n d er et al., 

1 9 8 1; Bi e w e n er, 2 0 0 5; P a y n e et al., 2 0 0 5); l e n gt hs w er e  s c al e d t o B M 0. 3 3 , ar e as t o B M 0. 6 7 , 

a n d m as s es t o B M 1. 0 . Esti m at es of Fm a x  (i n N), j oi nt t or q u e (i n N. c m), a n d p o w er (i n W) 

w er e si m pl y n or m ali z e d  b y dir e ctl y di vi di n g b y  B M  ( M o or e  et  al.,  2 0 1 3;  R os e  et  al., 

2 0 1 3).  I n di vi d u al li m b m us cl es w er e  als o  c at e g ori z e d  i nt o  m aj or  f u n cti o n al  gr o u ps  f or 

p orti o ns  of  t his  a n al ysis:  hi p  fl e x ors  (li m b  pr otr a ct ors),  hi p  e xt e ns ors  (li m b  r etr a ct ors), 

li m b  a b/ a d d u ct ors,  k n e e  fl e x ors/ e xt e ns ors,  a n kl e  fl e x ors/ e xt e ns ors,  di git al 

fl e x ors/ e xt e ns ors, a n d f o ot-li m b pr o n at ors/s u pi n at ors. Bi -arti c ul ar m us cl es w er e pl a c e d i n 

m or e t h a n o n e f u n cti o n al gr o u p  ( T a bl e 2).  

     S el e ct e d  m us cl e  ar c hit e ct ur al  m etri cs w er e  a d diti o n all y  gr o u p e d  ( p o ol e d  a n d 

a v er a g e d) f or st atisti c al t esti n g of fl e x or vs. e xt e ns or f u n cti o n al gr o u ps at e a c h li m b j oi nt . 

T h es e  d at a r e pr es e nt o nl y  a d ult  i n di vi d u als  ( N = 5)  a n d w er e  a bs ol ut e  ( n ot  n or m ali z e d) 

v al u es of M M , LF , r m , a n d P C S A. M A N O V A (i n S P S S) w as us e d t o d et er mi n e st atisti c al 

diff er e n c es  b et w e e n  s uit es  of  e x p eri m e nt al  v ari a bl e s  a m o n g b ot h t h e f u n cti o n al  gr o u ps 
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st u di e d  a n d j oi nt of a cti o n . Si g nifi c a n c e b y M A N O V A w as f oll o w e d b y a s eri es of o n e -

w a y  A N O V A s  w h er e T u k e y ’s p ost -h o c  t ests  w er e  us e d  t o  d et er mi n e  all p air wis e 

diff er e n c es.  Si g nifi c a n c e f or all st atisti c al t ests w as a c c e pt e d at p ≤ 0. 0 5 . 

R E S U L T S  

Li m b P C S A  d ist ri b uti o n 

T h e hi n dli m b of B.  v ari e g at us  c o nt ai ns  4 6  m us cl es  (c o u nti n g  e a c h  h e a d  of s el e ct e d  

m us cl es s e p ar at el y )  t h at  w er e  st u di e d.  Me a n s  (± s. d.) of  P C S A  f or  e a c h  m us cl e ar e 

r e p ort e d  i n  T a bl e 3 . A v er a g e  t ot al hi n d li m b P C S A f or B . v ari e g at us  is 2 1. 8 ± 1 0 .6  c m 2 . 

M us cl es ar e or g a ni z e d i nt o f u n cti o n al gr o u ps b as e d o n t h eir m ai n a cti o n s  a n d t h eir P C S A 

p er c e nt a g e  distri b uti o n f or B.  v ari e g at us  is s h o w n  i n  Fi gur e  1 . T h e  fl e x ors c oll e cti v el y 

a c c o u nt  f or  7 6. 2 %  of  t ot al  hi n dli m b  P C S A,  w h er e as  t h e  e xt e ns ors  a c c o u nt  f or  o nl y 

3 6. 2 %. I n p arti c ul ar, th e di git al fl e x ors  ar e  t h e f u n cti o n al gr o u p  wit h t h e l ar g est r el ati v e 

P C S A , a c c o u nti n g f or 2 6. 6 ± 7 . 4 % of t h e t ot al hi n d li m b P C S A , wit h t h e t w o h e a ds of t h e 

m. fl e x or es di git or u m pr of u n di ( F D P) b ei n g t h e m aj or c o ntri b ut or s  t o its is o m etri c f or c e 

c a p a cit y.  T h e n u m er o us  a n d m as si v e k n e e  fl e x ors si mil arl y  a c c o u nt  a  s u bst a nti al 

2 2. 8 ± 3. 3 %  of t ot al P C S A f or t h e hi n dli m b  f oll o we d b y  t h e f un cti o n al gr o u p s  h i p fl e x ors 

( m e a n: 1 6. 9 ± 4. 6 %) a n d h i p e xt e ns ors  ( m e a n: 1 2. 6 ± 4. 5 %)  (Fi g.  1 ). I n  g e n er al, h o w e v er, 

t h e r el ati v e P C S A f or e a c h t h e e xt e ns or  f u n cti o n al gr o u ps ar e  n ot a bl y s m all er t h a n t h at of 

t h eir li m b fl e x or  c o u nt er p arts. T h e pr o n at ors  ( m e a n: 6. 5 7 ± 1. 8 %)  a n d  s u pi n at ors  ( m e a n: 

5. 9 6 ± 1. 9 %) h a v e t h e s m all est r el ati v e P C S A a m o n g all f u n cti o n al gr o u ps i n  t h e hi n dli m b 

of B. v ari e g at us  ( Fi g. 1). 

N o r m ali z e d a r c hit e ct u r al p r o p e rti es  

Fi g ur e 2 A d e m o nstr at es a  f u n cti o n al s p a c e pl ot of si z e s c al e d  P C S A a n d  L F . O nl y t h e m. 

ili o ps o as (I L P S) r esi d es i n t h e hi g h-p o w er q u a dr a nt of t h e pl ot. I n a d diti o n t o F D P, t h e  m. 

gl ut e us  m e di us  ( G L M)  ar e  t h e  t w o  m us cl es t h at  ar e c a p a bl e  of l ar g e f or c e  pr o d u cti o n, 

w h er e as n u m er o us m us cl es c a p a bl e of o p er ati n g o v er a l ar g e c o ntr a ctil e r a n g e , i n cl u di n g 

m m .  gr a cilis ( G R C),  m. s e mi m e m br a n os us  ( S M), a n d  b ot h t h e l at er al ( L G) a n d  m e di al 

( M G)  h e a ds  of  m.  g astr o c n e mi us as  n ot a bl e  e xtr e m es  i n  t his  c a p a cit y . T h e  m aj orit y  of  

hi n dli m b m us cl es ar e  g e n er ali z e d i n t h eir f u n cti o n al a bilit y, alt h o u g h t h er e is a n  a p p ar e nt 

s hift t o w ar ds t h e ri g ht i n t h e pl ot as s o ci at e d wit h l ar g er f as ci cl e l e n gt hs  ( Fi g. 2 A).  
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     T h e c a p a cit y  of  t h e  hi n dli m b  m us cl es  t o  a p pl y  l ar g e  j oi nt  t or q u e is  d e m o nstr at e d  i n 

Fi g ur e  2 B. I L P S is a g ai n t h e s ol e m us cl e i n t h e l ar g e j oi nt t or q u e q u a dr a nt of t h e pl ot  as it 

h as  b ot h a  si z a bl e P C S A  a n d r m .  T h e  l o n g est rm  ar e  as s o ci at e d  wit h  t h e  m.  s art ori us 

( S R T) at t h e hi p j oi nt a n d m. bi c e ps f e m oris s h ort h e a d  ( BF S) , y et  t h e y h a v e l o w r el ati v e 

P C S A w hi c h  li mits  t h e  fl e x or  t or q u e  t h e y a p pl y . I n  c o ntr ast,  t h e  l ar g e  f or c e  pr o d u cti o n 

c a p a bilit y  of G L M  a n d  F D P  is  p air e d  wit h  s h ort  r el ati v e r m .  M ost m us cl es of  t h e 

hi n dli m b  h a v e  b ot h  l o w -t o-m o d est P C S A  a n d  m us cl e  m o m e nt  ar m  l e n gt hs  ( Fi g.  2 B). 

L ast,  t h e c a p a cit y  f or f ast  j oi nt  r ot ati o n al  v el o cit y b y  t h e  hi n dli m b  m us cl es is 

d e m o nstr at e d  i n  Fi g ur e  2 C . M u s cl es  as s o ci at e d  wit h c o ntr a ctil e  r a n g e,  or  p o w er,  h a v e 

l o n g r el ati v e r m  r esi d e i n t or q u e m o difi e d ar e a of t h e pl ot, w h er e as n o m us cl es h a v e  b ot h 

l o n g  f as ci cl es a n d  m o m e nt  ar m  l e n gt hs. H o w e v er , n u m er o us  ar e  c a p a bl e  of  f ast j oi nt 

r ot ati o n al  v el o cit y  s u c h  as all  t h e dist al a n kl e fl e x or/ e xt e ns ors a n d m.  f l e x or  di git or u m 

s u p erfi ci alis  ( F D S), i n  a d diti o n  t h e m.  gl ut e us  s u p erfi ci alis  ( G L S), m.  a d d u ct or  l o n g us 

( A D D L), a n d m . s e mit e n di n os us ( S T) at b ot h t h e hi p a n d k n e e j oi nts  ( Fi g. 2 C ).  

     S u m m e d t or q u e  at  e a c h  j oi nt f or  b ot h  fl e x ors  a n d  e xt e ns ors  is pr es e nt e d  i n  T a bl e  4. 

O v er all, t h e fl e x or m us cl es i n t h e hi n dli m b of B. v ari e g at us  h a v e a m u c h gr e at er c a p a cit y 

t o  a p pl y  j oi nt  t or q u e ( p er  u nit  b o d y  m as s) c o m p ar e d  t o  t h e  e xt e ns ors ,  es p e ci all y  at  t h e 

k n e e  j oi nt wit h  v al u es  of 9 8. 3  N. c m  K g -1  a n d 3 4. 0  N. c m K g -1 , r es p e cti v el y. H o w e v er, 

w hil e e sti m at e d t ot al j oi nt t or q u e  is m ost si mil ar b et w e e n t h e hi p fl e x ors a n d e xt e ns ors , 

th e  a n kl e / di git al fl e x ors  c a n t o g et h er  a p pl y m or e  t h a n f o ur ti m es t h e j oi nt  t or q u e  of  t h e 

e xt e ns ors at t h es e  j oi nts . T h e di git al fl e x ors al o n e  h a v e  s u bst a nti al s u m m e d  j oi nt t or q u e 

c a p a bilit y  wit h  a  v al u e  of 6 2. 8  N. c m  K g -1 ,  w hi c h  i s  n ot a bl e  gi v e n  t h at  t h e  m.  e xt e ns or 

di git or u m br e vis ( E D B) is o nl y e xt e ns or of t h e di gits i n t h e hi n dli m b, a n d f or w hi c h n o  r m  

d at a ar e  a v ai l a bl e f or c o m p aris o n of t or q u es wit h t h e fl e x ors.  

     Fi g ur e  3 r e pr es e nts t h e  s h ort e ni n g  a bilit y  of  t h e  hi n dli m b m us c ul at ur e . L F / M L  r ati os 

l ar g er  t h a n 0. 7  t y pi c all y i n di c at e  t h e  c a p a cit y  of  m us cl es  t o  u n d er g o s u bst a nti al  l e n gt h 

c h a n g es pr o p orti o n al t o c o ntr a ctil e v el o cit y. N e arl y h alf of t h e m us cl es i n t h e hi n dli m b of 

B. v ari e g at us  h a v e L F /M L gr e at er  t h a n 0. 7 wit h t h e m. o bt ur at or i nt er n us ( OI: 0. 8 8), m. 

t e ns or f as ci a l at a e ( T F L: 0. 8 4), a n d t h e M G (0. 8 4 ) h a vi n g t h e t hr e e l ar g est r ati os ( Fi g. 3). 

M or e o v er,  t h er e  is  n o  disti n ct  tr e n d  of  d e cr e asi n g  L F  a n d  i n cr e as e d  p e n n ati o n fr o m 

pr o xi m al -t o-dist al  al o n g  t h e  l e n gt h  of  t h e  hi n dli m b, a n d a p art  fr o m  t h e  k n e e  e xt e ns ors 



 
 

9  

t h at all h a v e l o w -t o-i nt er m e di at e LF / M L r ati os, t h e m aj orit y of m us cl es c o m prisi n g e a c h  

li m b r e gi o n h a v e v al u es a b o v e 0. 6 ( Fi g. 3). T h e m. v ast us l at er alis ( V L) a n d m.  ti bi alis 

c a u d alis ( T C D) h a v e t h e a bs ol ut e l o w est r ati os at 0. 3 3 a n d 0. 3 4, r es p e cti v el y ( Fi g. 3). 

     T h e c a p a bilit y of m us cl e f or c e pr o d u cti o n p er u nit m us cl e m as s is s h o w n i n Fi g ur e 4. 

N o m us cl es of t h e hi n dli m b h a v e a n a bilit y t o pr o d u c e s u bst a nti al  f or c e as all  P C S A/ M M 

ar e  l es s  t h a n  0. 6  ( o nl y  t h e  m m.  g e m elli  h a v e  r ati o s  > 0. 5). M or e o v er,  o n e -t hir d of t h e 

m us cl es a n al y z e d h a v e a r ati o l es s t h a n 0. 2, alt h o u g h n o n e of t h es e  ar e m us cl es l o c at e d i n  

hi p or i ntri nsi c f o ot r e gi o ns of t h e li m b. I n a d diti o n t o s el e ct e d f e m or al r ot at or/st a bili z ers, 

t h e u ni -arti c ul ar k n e e  e xt e ns ors h a v e  a p pr e ci a bl e P C S A/ M M  r ati os (r a n g e:  0. 4 2– 0. 4 9) , 

wit h  t h a t  of  V L  b ei n g  t h e  l ar g est.  S e v er al pr o n at or /s u pi n at ors  of  t h e hi n d f o ot h a v e 

m o d er at e  v al u es f or P C S A/ M M  ( Fi g. 4). M ost n ot a bl y , t h e pr o n at ors m m. f i b ul aris br e vis 

( F B)  a n d  fi b ul aris  qu art us  ( F Q) h a v e  r ati os  of 0. 3 8  a n d 0. 4 2 ,  r es p e cti v el y,  w hil e  t h e 

hi n df o ot  s u pi n at ors  T C D  a n d  m.  ti bi alis  cr a ni alis  fi b ul ar  h e a d  ( T C N -f)  s h o w  n e arl y 

e q ui v al e nt P C S A/ M M . 

     Fi g ur e  5  r e pr es e nts t h e a bilit y  of a m us cl e  t o r ot at e  a j oi nt  (or dist al  li m b  s e g m e nt) . 

T h e m aj orit y of m us cl es i n t h e hi n dli m b of B. v ari e g at us  h a v e L F /r m  r ati os gr e at er  t h a n 

3. 0 i n di c ati n g a c a p a cit y of m us c ul at ur e t o m o v e t h e li m b j oi nts t hr o u g h a si z a bl e r a n g e 

of m oti o n. M or e o v er, n e arl y h alf of t h e m us cl es a n al y z e d h a v e v al u es ≥ 4. 0 ( Fi g. 5). T h e 

l e g  r e gi o n  of  t h e  hi n dlim b  c o nt ai ns  m us cl es  wit h  t h e  o v er all  l ar g est  L F /r m  wit h  M G 

( 9. 2 6), F D S ( 7. 7 8),  a n d  m. ti bi alis  cr a ni alis  ti bi al  h e a d  ( T C N-t: 7. 4 8 )  h a vi n g  t h e  t hr e e 

l ar g est r ati os. R el ati v el y f e w m us cl es h a v e l o w v al u es f or L F /r m r a n gi n g fr o m 1. 2 5– 2. 7 9  

a n d t h es e i n cl u de  T F L, m. q u a dr at us f e m oris ( Q F), m. s art ori us ( S R T) at t h e hi p j oi nt, m. 

bi c e ps  f e m oris  s h ort  h e a d  ( B F S), m.  v ast us  i nt er m e di us/ m e di alis  ( VI -V M), F B, T C N -f, 

a n d m. q u a dr at us pl a nt a e ( Q P). T h es e m us cl es wit h i n cr e as e d m e c h a ni c al a d v a nt a g e ar e 

distri b ut e d a b o ut e a c h  li m b  r e gi o n,  a n d  wit h  t h e  e x c e pti o n of t h e  k n e e  e xt e ns ors,  ar e 

m ai nl y fl e x or m us cl es ( Fi g. 5).  

     Fl e x or  a n d  e xt e ns or  m us cl e  ar c hit e ct ur al  pr o p erti es  at  e a c h  hi n dli m b  j oi nt  ar e 

c o m p ar e d  i n Fi g ur e  6 .  Alt h o u g h  n ot  si g nifi c a nt  (p = 0. 9 9 7 ),  t h e  e xt e ns or  m us cl es  ar e 

a bs ol ut el y m or e  m as si v e  t h a n  t h e  fl e x ors  at  t h e hi p j oi nt, w h er e as  a v er a g e  m as s  of  t h e 

fl e x ors  at  b ot h  t h e k n e e  a n d  a n kl e  j oi nts  ar e  l ar g er  t h a n t h at  of  t h e e xt e ns or s ,  b ut 

si g nifi c a nt  at o nl y t h e k n e e (p = 0. 0 4 8)  (Fi g. 6 A) . A v er a g e m as s of t h e a n kl e e xt e ns ors is 
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t h e l o w est a m o n g all f u n cti o n al gr o u ps a n al y z e d . Fl e x or m us cl e m o m e nt ar ms ar e  l o n ger  

at t h e hi p (p = 0. 0 1 0) a n d k n e e (p < 0. 0 0 1) j oi nts c o m p ar e d wit h  t h e a n kl e fl e x ors. A v er a g e 

r m  of  t h e  fl e x ors at  t h e  a n kl e  j oi nt ar e  als o s h ort er al b eit n ot  si g nifi c a nt  ( p = 0. 3 2 9 ) 

c o m p ar e d  t o  t h at  of a n kl e e xt e ns ors ,  w hi c h h a v e  t h e  l o n g est r m  a m o n g  t h e  e xt e ns or 

m us cl es. H o w e v er, at o nl y t h e k n e e j oi nt ar e  t h er e si g nifi c a nt diff er e n c es (p = 0. 0 0 6 ) i n r m  

b et w e e n  fl e x ors  a n d  e xt e ns ors  ( Fi g.  6 B). O n  a v er a g e, t h e k n e e fl e x ors  h a v e lo n g er  

f as ci cl e l e n gt hs t h a n t h e fl e x ors at b ot h t h e hi p (p < 0. 0 0 1 ) a n d a n kl e (p = 0. 0 1 2 ) j oi nts, b ut  

h a v e si mil ar L F  wit h t h e e xt e ns ors a cti n g at t h e s a m e j oi nts. T h e fl e x ors at t h e k n e e j oi nt 

ar e a d diti o n all y t h e o nl y m us cl es t h at h a v e si g nifi c a nt l y l o n g er f as ci cl es (p < 0. 0 0 1) t h a n 

t h eir c o u nt er p art  k n e e e xt e ns or s (Fi g. 6 C).  A v er a g e L F  of t h e a n kl e fl e x ors is als o  l o n g er 

(p = 0. 0 2 7) t h a n  t h at  of  t h e  e xt e ns or  m us cl es a cti n g at  t h e  k n e e  j oi nt ,  w hi c h  h a v e  t h e 

s h ort est  L F  a m o n g  all  f u n cti o n al  gr o u ps  a n al y z e d.  Fi n all y, tot al  P C S A of  t h e  fl e x ors is 

l ar g er t h an  t h at of t h e e xt e ns ors at e a c h li m b j oi nt, b ut o nl y t h e diff er e n c es at t h e k n e e ar e  

si g nifi c a nt  ( p = 0. 0 0 3 ). T ot al  P C S A f or  t h e k n e e fl e x ors  m us cl es  is  t h e a bs ol ut e l ar g est, 

f oll o w e d  b y t h at  of hi p fl e x ors/e xt e ns ors ,  a n d  t h e n  t h e  fl e x ors a cti n g  at t h e  a n kl e j oi nt. 

O n a v er a g e, t ot al P C S A f or t h e k n e e fl e x ors is als o si g nifi c a ntl y gr e at er t h a n t h at of b ot h 

t h e a n kl e fl e x ors (p = 0. 0 1 2 ) a n d e xt e ns ors  (p < 0. 0 0 1 ) ( Fi g. 6 D).  

D I S C U S SI O N  

M us cl e  ar c hit e ct ur al  pr o p erti es  f or  t h e  p el vi c  li m b  i n  t hr e e -t o e d  sl ot hs  br o a dl y  r e v e al  a 

c a p a cit y  f or  li m b  j oi nt  e x c ursi o n  a n d  r a pi d  m o v e m e nts  t h at  b eli e  t h eir  o bs er v e d 

l o c o m ot or  p att er ns.  I n d e e d,  sl ot hs  m o v e  sl o wl y,  e m p h asi zi n g  t h e  a p pli c ati o n  of  si z a bl e 

fl e x or  m o m e nts  f or  j oi nt  st a bilit y  a n d  b o d y  c o ntr ol  (i. e.,  br a ki n g  f u n cti o n)  b y  t h e 

hi n dli m bs  d uri n g  s us p e ns or y  w a l ki n g  ( S W). K e y  fi n di n gs  f or  s el e ct e d  m us cl es  a n d/ or 

f u n cti o n al  gr o u ps  s u p p ort  t his  h y p ot h esis,  i n cl u di n g  l ar g e  P C S A  i n  t h e  hi p,  k n e e,  a n d 

di git al fl e x or m us c ul at ur e, s e v er al hi p/ k n e e fl e x ors a n d a d d u ct ors t h at ar e m o difi e d wit h 

m us cl e l o n g m o m e nt ar ms, a n d t h e a bilit y t o g e n er at e a p pr e ci a bl e p o w er i n o nl y o n e hi p 

fl e x or  m us cl e.  M or e o v er,  c ert ai n  pr o p erti es  o bs er v e d  ar e  c o m pli m e nt ar y  t o  t h os e  f o u n d 

i n  a n al o g o us  f u n cti o n al  gr o u ps  i n  t h e  f or eli m b  of B.  v ari e g at us (Ols o n  et  al.,  2 0 1 8), 

alt h o u g h  i n t ot alit y, t h e esti m at e d f u n cti o n al c a p a cit y i n t h e p el vi c li m b a p p e ars t o o p p os e 

a r ol e i n pr o p ulsi o n b y sl ot h f or eli m bs. T h us, t h e r e s ults r e p ort e d h er ei n off er a d diti o n al 
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i nsi g ht  i nt o  i nt e gr ati v e  li m b  p air  f u n cti o n  f or  s us p e ns or y  h a bits  a n d  c orr el at e  w ell  wit h 

ot h er m us cl e c h ar a ct eristi cs i n di c ati n g t h e criti c al n e e d f or e n er g y c o ns er v ati o n i n sl ot hs.  

     T h e  fl e x or  m us cl es  i n  t h e  p el vi c  li m b  ar e  r el ati v el y  w ell -d e v el o p e d  s h o wi n g 

si g nifi c a ntl y  m or e  m as s  t h a n  t h os e  of  t h e  e xt e ns ors  at  t h e  k n e e  a n d  a n kl e  j oi nts,  i n 

p arti c ul ar. T h es e fl e x ors n ot a bl y e x hi bit t h e c a p a bilit y of pr o d u ci n g a p pr e ci a bl e is o m etri c 

f or c e. D u e t o i n cr e as e d p e n n ati o n i n s el e ct e d m us cl e b elli es of t h e dist al li m b, t h e di git al 

fl e x ors a c c o u nt f or t h e gr eat est p er c e nt a g e of P C S A, w hi c h c o ul d b e r e q uir e d f or str o n g 

a n d/ or pr ol o n g e d gri p o n t h e s u bstr at e. I n t a x a f or w hi c h s us p e nsi o n is n e arl y o bli g at or y, 

gri p str e n gt h is i m p ort a nt as is t h e a bilit y of t h e di git al fl e x ors t o s ust ai n c o ntr a cti o n f or 

gr as pi n g -cli n gi n g  i n  eit h er  i n v ert e d  or  v erti c al  ( e. g.,  cli m bi n g)  p ost ur es.  Sl ot hs  s p e n d 

a p pr o xi m at el y  2 3 %  of  t h eir  d ail y  a cti v e  ti m e  i n  s us p e ns or y  p ost ur es,  al b eit  t h e  u p p er 

b o u n d  of  t his  esti m at e  is  m or e  r e pr es e nt ati v e  of C h ol o e p us  t h a n Br a d y p us  ( Ur b a ni  a n d 

B os q u e,  2 0 0 7).  N o n et h el es s,  sl ot hs  h a v e  s e v er al  f e at ur es  t h at  ar e  e x p e ct e d  t o  f a cilit at e 

m ai nt e n a n c e  of  a  str o n g  gri p,  i n cl u di n g r et e  mir a bil e  i n  t h eir  li m bs  ( Wisl o c ki,  1 9 2 8), 

s el e cti v e  r e cr uit m e nt  of  s m all,  f ast  m ot or  u nits  i n  t h eir  di git al  fl e x ors  at  l o w  l e v e ls  of 

a cti v ati o n  f or  p ost ur al  s us p e nsi o n  ( G or v et  et  al.,  2 0 2 0),  a n d  fl e x or  t e n d o n  s us p e ns or y 

a p p ar at us  c a p a bl e  of  s u bst a nti al  p as si v e  s u p p ort  of  t h eir  b o d y  w ei g ht  ( M os s or  et  al., 

2 0 2 0).  S p e cifi c all y,  sl ot hs  h a v e  t hi c k,  b ut  pli a nt  di git al  fl e x or  t e n d o ns  wit h  el e v at e d 

s af et y  f a ct ors  i n  t h e  hi n dli m b  c o m p ar e d  wit h  t h eir  f or eli m bs  ( M os s or  et  al.,  2 0 2 0) 

c o nsist e nt  wit h  a  p ot e nti all y  gr e at er  r ol e  i n  s us p e n s or y  s u p p ort  b y  t h e  p el vi c  li m bs  as 

pr e vi o us l y s u g g est e d ( G off art, 1 9 7 1). A p as si v e m e a ns of s u p p ort vi a t e nsi l e l o a di n g  i n 

c o m bi n ati o n wit h l o w l e v els of a cti v e m us cl e t e nsi o n f or s u p p ort is t h e m ost li k el y m e a ns 

t o c o ns er v e m et a b oli c e n er g y f or r o uti n e s us p e nsi o n.   

T h e  si z e  a n d  str e n gt h  of  t h e  k n e e  fl e x ors  is  c o nsi d er a bl e  i n  t h e  p el vi c  li m b  of B. 

v ari e g at us, a n d  t his  f u n cti o n al  gr o u p  m a y  b e  t h e  m ost  i m p ort a nt  t o  t ot al  li m b  s u p p ort. 

Gr a n at os k y  a n d  S c h mitt  ( 2 0 1 7)  s h o w e d  t h at  i n  a d diti o n  t o  t h e  hi n dli m bs  p erf or mi n g 

gr e at er n et br a ki n g d uri n g S W, b ot h li m b p airs e x ert e d c o nsi d er a bl e m e di al S R F . M u c h 

li k e w h at h as b ee n s u g g est e d a b o ut l ar g e a cti v ati o n of t h eir str o n g el b o w fl e x ors ( G or v et 

et  al.,  2 0 2 0),  as pr e di ct e d ,  t h e  a bilit y  of  t h e  m as si v e  k n e e  fl e x ors  t o  a p pl y  t h e  gr e at est 

a m o u nt of j oi nt t or q u e ( ~ 1 0 0 N. c m k g -1 ) m a y pl a y a n a n al o g o us r ol e i n pr o d u ci n g si z a bl e 

m e d i al  S R F  a n d  miti g ati n g  l e v els  of  li m b  l o a di n g  at  t h e  hi p  j oi nt.  T h e  a p pli c ati o n  of  a 



 
 

1 2  

l ar g e  fl e x or  m o m e nt  r es ults  fr o m  n ot  o nl y  l ar g e  P C S A,  b ut  als o  el o n g at e d  m us cl e 

m o m e nt  ar ms  at  t h e  k n e e  j oi nt  as  s e e n  i n  b ot h  S M  a n d B F L  ( Fi gs.  2 C,  6 B).  T h es e 

f e at ur es c o mbi n e d s h o ul d ai d i n t h e m ai nt e n a n c e of p ost ur al s us p e nsi o n a n d st a bili z ati o n 

d uri n g  S W  b y  t h e  k n e e  fl e x ors,  as  w ell  t h e  li m b  a d d u ct ors,  dir e cti n g  f or c e  m e di all y  o n 

t h e s u bstr at e ( Gr a n at os k y  et al., 2 0 1 8). I n g e n er al, l o c o m oti o n i n sl ot hs  is b est  m at c h e d 

wi t h  m us cl e  ar c hit e ct ur al  pr o p erti es  i n di c ati v e  of  e n h a n c e d  l e v er a g e  t o  a p pl y  si z a bl e 

fl e x or m o m e nts at e a c h li m b j oi nt f or sl o w, c o ntr oll e d m o v e m e nts. T h e hi n dli m b fl e x ors 

ar e  w ell  s uit e d  f or  a n  a nti -gr a vit y  r ol e i n  t his  r e g ar d, as  t h e y  c a n n ot  a p pl y  e q ui v al e ntl y 

l ar g e fl e x or m o m e nts as t h e f or eli m b fl e x or  m us c ul at ur e ( Ols o n et al., 2 0 1 8), w hi c h ar e 

us e d  f or  pr o p ulsi o n,  i n  a d diti o n  t o  s u p p ort.  M or e o v er,  t h e  hi n dli m b  e xt e ns ors  ar e  o nl y 

h alf  as  str o n g  as  t h eir  c o u nt er p art s h o ul d er fl e x ors,  t h us  li miti n g  t h eir  a bilit y  t o  a p pl y 

j oi nt t or q u e  f or  pr o p ulsi o n  d uri n g  S W,  a n d  sl ot hs  h a v e  b e e n  s h o w n  t o  f a v or  hi n dli m b 

p ositi o ns  i n  pr otr a cti o n  v ers us  r etr a cti o n  ( Gr a n at os k y  et  al.,  2 0 1 8).  Ar b or e al  pri m at es, 

h o w e v er, s h o w gr e at er fl e x or/ e xt e ns o r d e v el o p m e nt i n t h eir p el vi c li m bs c o m p ar e d wit h 

sl ot hs  s u g g esti n g  b ot h  a nti gr a vit y  a n d  pr o p uls or y  f u n cti o ns  w hil e  i n  a nti -pr o n o gr a d e 

p ost ur es ( D e m es, 1 9 8 4; J o uffr o y a n d St er n, 1 9 9 0; H a n n a et al., 2 0 0 8).   

B e y o n d a r ol e i n k n e e fl e xi o n, t h e bi -arti c ul ar f l e x or S R T, i n a d diti o n t o t h e p ar all el-

fi b er e d  I L P S  a n d  A D D M,  als o  h a v e  el o n g at e d  m o m e nt  ar ms  at  t h e  hi p  j oi nt.  S u c h  a 

m o difi c ati o n  i m pr o v es  t h e  a bilit y  t o  a p pl y  a n  a p pr e ci a bl e  fl e x or  m o m e nt  at  t h e  hi p 

t h er e b y sl o wi n g j oi nt r ot ati o n. I n t ur n, t h e t or q u e a ppli e d b y t h es e t hr e e m us cl es c o ul d b e 

us e d sl o w t h e h ori z o nt al tr a nsl ati o n of t h e c e nt er of m as s ( C o M). T h e m us cl e m ost li k el y 

t o  s er v e  a  br a ki n g  f u n cti o n  is  t h e  S R T  vi a  c o-a cti v ati o n  wit h  t h e  m.  p e ct or alis 

s u p erfi ci alis i n t h e f or eli m b t o k e e p t h e C o M e v e nl y distri b ut e d b et w e e n t h e li m b p airs as 

pr e vi o usl y h y p ot h esi z e d ( G or v et et al., 2 0 2 0). T h e S R T i n B. v ari e g at us  e x pr es s es 1 0 0 % 

sl o w -c o ntr a cti n g  fi b ers  ( S p ai n h o w er  et  al.,  2 0 2 1)  a n d  c a n  pr o d u c e  f or c e  sl o wl y  t h at 

w o ul d b e f urt h er e n h a n c e d i n m a g nit u d e b y u n d er g oi n g a l e n gt h e ni n g c o ntr a cti o n as t h e 

b o d y a d v a n c es  f or w ar d  b el o w  t h e  s u bstr at e.  It  is  als o  li k el y  t h at  t h e  p o w erf ul  I L P S  is 

s y n er gisti c  i n  t his  f u n cti o n  wit h  S R T.  M or e o v er,  G or v et  et  al.  ( 2 0 2 0)  s h o w e d  t h e 

Br a d y p us  m o v es  q uit e  sl o wl y  ( 0. 0 7  ms -1 )  a n d  th us  h as  littl e  n e e d  f or  l ar g e  j oi nt 

e x c ursi o ns e x c e pt b y t h eir f or eli m bs w h e n pr otr a ct e d t o p ur c h as e t h e s u bstr at e f or  t h eir 

n e xt stri d e c y cl e. T h o u g h j oi nt a n gl es w er e n ot q u a ntifi e d i n t h at st u d y, j oi nt ki n e m ati cs 
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e v al u at e d i n t h e p el vi c li m b of C h ol o e p u s  i n di c at e a li mit e d r a n g e of m oti o n at e a c h t h e 

hi p, k n e e, a n d a n kl e j oi nts ( Gr a n at os k y et al., 2 0 1 8). S p e cifi c all y, t w o -t o e d sl ot hs t e n d t o 

k e e p t h eir hi p j oi nt pr otr a ct e d, k n e e fl e x e d, a n d f o ot s u pi n at e d d uri n g s us p e ns or y p ost ur e, 

w h er e as  t h e  hi p  a n d  k n e e  ar e  pl a c e d  i n  m or e  a d d u ct e d  a n d  e xt e n d e d  p ositi o ns, 

r es p e cti v el y,  d uri n g  S W.  C o m p ar a bl e  ki n e m ati cs  ( a n d  S R F)  d at a  ar e  n ot  c urr e ntl y 

a v ail a bl e f or a n y s p e ci es of Br a d y p us .  

T h e  a bilit y  t o  sl o w  t h e  v el o cit y  of  j oi nt  r ot ati o n  is  a n  a p p ar e nt  m o difi c ati o n  f o r 

i n cr e asi n g t h e m e c h a ni c al a d v a nt a g e of s el e ct e d m u s cl es i n sl ot h li m bs. Si mil arl y, Ols o n 

et al. ( 2 0 1 8) f o u n d s e v er al m us cl es i n t h e f or eli m b wit h t his f or m: a p ur p ort e d mis m at c h 

i n m us cl e b elli es h a vi n g b ot h l o n g f as ci cl es a n d m o m e nt ar ms f or e n h a n c e d j oi nt t or q u e. 

Als o f o u n d i n t h at st u d y w er e s u bs ets of m us cl es wit hi n e a c h r e gi o n of t h e f or eli m b of B. 

v ari e g at us  t h at  h a v e  pr o p erti es  f or  li m b  j oi nt  r ot ati o n/ v el o cit y,  a n d  ot h ers  f or  j oi nt 

st a bilit y.  T his  arr a n g e m e nt  of  m us cl e  f u n cti o n al  gr o u ps  wit h  o p p osi t e  pr o p erti es  w as 

s u g g est e d  t o  r e pr es e nt  p os si bl e  m us cl e  g e ari n g  t h at  f a cilit at es  t h e  d eli b er at e,  c o ntr oll e d 

m o v e m e nts  i n  sl ot hs  ( Ols o n  et  al.,  2 0 1 8).  Alt h o u g h  si mil ar  m us cl e  g e ari n gs  w er e  n ot 

cl e arl y d u pli c at e d wit hi n f u n cti o n al gr o u ps i n t h e p el vi c li m b,  t h e o v er all c o nsist e n c y i n 

sl o w  m y osi n  h e a v y  c h ai n  ( M H C -1)  is of or m  e x pr essi o n  ( S p ai n h o w er  et  al.,  2 0 1 8,  2 0 2 1) 

b et w e e n f or e - a n d hi n dli m b p airs u n d ers c or es t h at  b y b ei n g e xtr e m el y sl o w -c o ntr a cti n g , 

t h e li m b m us c ul at ur e f a v ors f or c e pr o d u cti o n at t h e e x p e nse of c o ntr a ctil e v el o cit y.   

N e v ert h el es s, m u c h li k e t h e f or eli m b m us c ul at ur e i n B. v ari e g at us , n u m er o us m us cl es 

i n d e e d s h o w el e v at e d LF /r m  (r ati os > 2– 3) t h at c orr el at e wit h a l ar g e j oi nt r a n g e of m oti o n 

a n d/ or  f ast  v el o cit y  of  j oi nt  r ot ati o n.  M ost  of  t h es e  m us cl es  ar e  f o u n d  wit hi n  i n  t hi g h 

r e gi o n  a n d  h a v e  i nt er m e di at e  LF /r m  c o m p ar e d  t o  ot h er  m us cl es  of  t h e  li m b.  V er y  hi g h 

v al u es  of  L F /r m  (r a n g e:  8– 3 4)  ar e  m or e  t y pi c all y  o bs er v e d  i n  m us cl es  ( e. g ,  G L S,  T F L, 

S M, B F L) a cti n g at t h e pr o xi m al li m b j oi nts i n c urs ori al t a x a s u c h c ats ( S a c ks a n d R o y, 

1 9 8 2), h ar es ( Willi a ms et al., 2 0 0 7 a), a n d d o gs ( Willi a ms et al., 2 0 0 8 a); h o w e v er, t h os e 

of  t hr e e -t o e d  sl ot hs  d o  n ot  e x c e e d  a n  LF /r m  of  1 0,  a n d e x c e pt  f or  G L S  a n d  G L M,  t h e 

m us cl e  wit h  t h e  gr e at est  v al u es  f or  t his  ar c hit e ct ur al  i n d e x  a ct  at  t h e  k n e e  a n d  a n kl e 

j oi nts. T h us, as e x p e ct e d, Br a d y p us  d e vi at es fr o m t h e c urs ori al p att er n of a pr o xi m al -t o-

dist al d e cr e as e i n L F /r m  b y r et ai ni n g r el ati v el y m or e p ar all el -fi b er e d m us cl es t hr o u g h o ut 

t h eir p el vi c  li m b, wit h n u m er o us b elli es i n e a c h f u n cti o n al gr o u p  h a vi n g l o n g f as ci cl es. 
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M ost  of  m us cl es  wit h  el e v at e d  L F /r m  als o  h a v e  l ar g e  L F / M L  e m p h asi zi n g  t h e  eff e ct  of 

l o n g  f as ci cl es,  y et  s e v er al  m us cl es  at  t h e  hi p  (e. g., f e mor al  r ot at ors),  k n e e,  a n kl e,  a n d 

di gits  s h o w  n e arl y  e q ui v al e nt,  i nt er m e di at e  r ati o s  of  b ot h  L F / M L  a n d  P C S A/ M M. 

T h er ef or e, d es pit e h a vi n g r el ati v el y  l o n g f as ci cl es, t h es e b elli es r et ai n a p pr e ci a bl e f or c e 

p er u nit m as s c a p a bilit y a n d m a y a ct as str o n g j oi nt st a bili z ers, es p e ci all y if c o u pl e d wit h 

l o w v al u es of LF /r m  as ar e n ot a bl y s o m e dist al li m b m us cl es ( e. g., P O P, F D P, T C D, F B). 

Ot h er m us cl es wit h c o m p ar ati v el y hi g h er v al u es of L F /r m  m ust t h e n a ct pri m aril y as j oi nt 

r ot at ors. F or e x a m pl e, t h e o bs er v e d m ar k e d s u pi n ati o n of t h e hi n df o ot i n Br a d y p us  w hil e 

i n c o nt a ct wit h t h e s u bstr at e ( M e n d el 1 9 8 5; G or v et et al., 2 0 2 0) is l ar g el y p erf or m e d  b y 

h e a ds  of  t h e  m.  ti bi alis  cr a ni alis  c o m pl e x  ( e. g.,  T C N -f)  ( B ut c h er  et  al.,  i n  r e vi e w)  a n d 

m ust b e c o u nt er b al a n c e d b y hi n df o ot pr o n at ors s u c h as F B a n d F Q.  

It  is  e q u all y  n ot a bl e  t h at  I L P S  h as  t h e  m or p h ol o g y  of  l o n g  f as ci cl es  a n d  a  l o n g 

m o m e nt ar m, b ut it is t h e o nl y m us cl e c a p a bl e of a p pr e ci a bl e p o w er g e n er ati o n ( Fi g. 2 A ). 

C o nsi d eri n g t h at t h e d ut y f a ct or f or Br a d y p us  is 0. 8 3 r e g ar dl es s of m o vi n g b e n e at h or u p 

t h e  s u bstr at e  ( G or v et  et  al.,  2 0 2 0), p o w er  g e n er ati o n  i n  t his  w ell -d e v el o p e d  hi p  fl e x or 

m us cl e  mi g ht  b e  n e c es s ar y  f or  a d v a n ci n g  t h e  p el vi c  li m b  (i. e.,  hi p  pr otr a cti o n)  i n 

pr e p ar ati o n  of  t h e  n e xt  st e p  a n d/ or f or lifti n g ( a n d  m ai nt ai ni n g) t h e  bo d y  t o w ar ds  t h e 

s u bstr at e. T h e l att er f u n cti o n m a y als o all o w t h e hi p fl e x ors t o a bs or b t h e b o d y w ei g ht of 

t h e  a ni m al  as  t h e  i psil at er al  f or eli m b  r el e as es  its  gri p  o n  t h e  s u bstr at e  t o  pr o gr es s  t h e 

stri d e c y cl e. Alt h o u g h n ot as p o w erf ul b y t h eir ar c hit e ct ur al pr o p erti es ( M H C fi b er is n ot 

k n o w n f or I L P S), G L M a n d F D S h a v e t h e c a p a cit y f or m o d er at e p o w er attri b ut e d t o t h eir 

l ar g e  P C S A  a n d  a p pr e ci a bl e  f as ci cl e  l e n gt hs.  T h es e  t w o  m us cl es  c o ul d  us e  t h eir  p o w er 

c a p a cit y al o n g wit h t h eir m us cl e g e ari n g f or e xt e nsi o n of t h e hi p a n d fl e xi o n of t h e k n e e, 

r es p e cti v el y,  d uri n g  l o c o m oti o n.  N e v ert h el es s,  d es pit e  h a vi n g  t h e  e xtri nsi c  (t his  st u d y) 

a n d  i ntri nsi c  ( S p ai n h o w er  et  al.,  2 0 2 1)  c a p a citi es  f or  m or e  p o w erf ul  j oi nt  m o v e m e nts, 

sl ot hs m ust m o v e i n a sl o w, c o ntr oll e d m a n n er t o mi ni mi z e t h e f oll o wi n g: 1. os cill ati o ns 

of  t h e  s u bstr at e,  2.  c h a n c es  of  b ei n g  d et e ct e d  b y  a  pr e d at or,  a n d  3.  m et a b oli c  c ost  of 

m us cl e c o ntr a cti o n d u e t o t h eir e n er g y p o or di et a n d c orr el at e d  l o w m et a b oli c r at e ( P a uli 

et al., 2 0 1 6).   

O n e  fi n al  as p e ct  of  l o c o m ot or  b e h a vi or  i n  sl ot hs  i s  v erti c al  cli m bi n g  ( V C),  w hi c h 

c o m es wit h a c ostl y e n er g y e x p e ns e ( H a n n a et al., 2 0 0 8) . C o ns e q u e ntl y, sl ot hs r e q uir e a 
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m e a ns of o v er c o mi n g t h e e x p e n dit ur e w hil e pr o p elli n g t h e ms el v es u p a s u bstr at e, a n d f or 

Br a d y p us , t his m ost li k el y i n v ol v es e n h a n c e d  li m b  m e c h a ni c al a d v a nt a g e pr o vi d e d b y a 

s h ort e n e d  ti bi a,  l o n g  c al c a n e us,  s h ort  m et at ars als, a n d l o n g  r e c ur v e d  cl a w s  ( M ars h all  et 

al.,  2 0 2 1).  N e v ert h el es s,  t h e  f u n cti o n al  gr o u p  m ost  li k el y  t o  pr o vi d e  v erti c al  pr o p ulsi o n 

ar e  t h e  hi p  e xt e ns ors  d u e  t o  t h eir  l ar g er  r el ati v e  m a s s  a n d P C S A  a g ai nst  t h at  of  t h e  hi p 

fl e x ors. P er h a ps m or e i m pr es si v e is t h at  a s u bst a nti al a m o u nt of t h e  t ot al P C S A f or t his 

f u n cti o n al  gr o u p  is  attri b ut e d  t o  t h e  G L M,  w hi c h  is  t hr e e  f us e d  m us cl es  i n  m ost 

s p e ci m e ns, as w ell as t h e bi -arti c ul ar S M. F urt h er m or e, t h e hi p e xt e ns ors w er e  t h e o nl y 

f u n cti o n al  gr o u p  f or  w hi c h  n o  m e as ur e d  ar c hit e ct ur al  pr o p erti es  diff er e d  si g nifi c a ntl y 

fr o m  t h os e  of  a n y  fl e x or  gr o u p.  I nt er esti n gl y, l ori si ds  w er e  pr e vi o usl y  s h o w n  t o  r el y 

e q u all y  o n  t h eir  f or e - a n d  hi n dli m b  p airs  f or  s u p p ort/ pr o p ulsi o n  d uri n g  cli m bi n g  i n 

c o m p aris o n  t o  ot h er  ar b or e al  pri m at es  t h at  s h o w  m or e  hi n dli m b  d o mi n a nt  pr o p ulsi o n 

( H a n n a et al., 2 0 1 7). S R F d at a ar e n ot a v ail a bl e f or sl ot h s  d uri n g V C, b ut E M G a cti v ati o n  

ti mi n g a n d i nt e nsiti es fr o m f or eli m b fl e x or/ e xt e ns or m us cl e p airs s u g g est a m aj or r ol e i n 

v erti c al s u p p ort b y t h e hi n dli m bs of B. v ari e g at us ( G or v et et al., 2 0 2 0), w hi c h a gr e e wit h 

si mil ar E M G d at a fr o m t h e hi n dli m b s  i n t h e sl o w l oris (N y cti c e b us c o u c a n g : J o uffr o y a n d 

St er n,  1 9 9 0).  F ut ur e  st u di es  of  E M G  i n  t h e  p el vi c  of Br a d y p us  ar e  n e e d e d  t o  cl arif y 

a cti v ati o n  p att er ns  of  b ot h  s y n er gisti c  a n d  a nt a g o nist  m us cl e  p airs  f or  f u n cti o n s  i n 

pr o p ulsi o n or j oi nt  st a bili z ati o n, r es p e cti v el y.  

A l ast c o nsi d er ati o n is h o w mi g ht t h e r ol es of j oi nt st a bili z ati o n a n d pr o p ulsi o n b y t h e 

e xt e ns or m us c ul at ur e b e distri b ut e d al o n g t h e p el vi c li m b i n r el ati o n t o V C. A p pr e ci a bl e 

f as ci cl e  l e n gt hs  a n d  m us cl e  m o m e nt  ar ms  of  t h e  hi p  e xt e ns ors  s u g g est  s o m e  v erti c al 

pr o p ulsi o n a n d a n i nt er m e di at e j oi nt st a bili z er f u n cti o n. H o w e v er, a n al o g o us m us cl es i n 

t h e  f or eli m b  (i. e., li m b  r etr a ct ors-s h o ul d er  fl e x ors)  w er e  f o u n d  t o  h a v e  t h e  c a p a cit y  t o 

a p pl y a fl e x or m o m e nt t h at is o v er 4 ti m es l ar g er t h at of t h e hi p e xt e ns ors ( Ols o n et al., 

2 0 1 8), l e a di n g t o s p e c ul ati o n t h e f or eli m bs ar e c o nsi d er a bl y str o n g er t h a n t h e hi n dli m bs 

a n d  ar e  t h e  m ai n  pr o p ulsi v e  el e m e nts  f or  l o c o m oti o n  i n  sl ot hs. T h e p e n n at e k n e e 

e xt e ns ors  (i. e.,  v ast us  h e a ds)  s h o w  t h e  c a p a bilit y  of  m ar k e d  f or c e  pr o d u cti o n,  w hi c h  is 

r e q uir e d t o c o u nt er b al a n c e l ar g e fl e x or m o m e nts a p pli e d at t h e k n e e j oi nt. T h us, t h e k n e e 

e xt e ns ors li k el y pl a y a k e y r ol e br o a dl y i n j oi nt st a bili z ati o n; a r ol e t h at m a y a d diti o n all y 

e xt e n d  t o  t h e  i nfr e q u e nt  cr a wli n g  m o d e  of  t err estri al  l o c o m oti o n  o bs er v e d  i n  sl ot hs.  
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C o ntr a cti o ns  of  t h e  dist al  a n kl e  e xt e ns or  m us cl es  f or  s u p p ort  m a y  a ls o  b e  ai d e d  b y 

o bs er v e d  a p pr e ci a bl e  m e c h a ni c al  a d v a nt a g e  at  t h e  a n kl e  j oi nt  of Br a d y p us  ( M ars h all  et 

al.,  2 0 2 1). B e y o n d  v erti c al  s u p p ort  f or  pr ol o n g e d  V C,  t h e  a n kl e  e xt e ns ors  c o ul d  als o 

s u p pl e m e nt  v erti c al  pr o p ulsi o n. T hr e e -t o e d  sl ot hs  n ot a bl y  s p e n d  a  l arg e  pr o p orti o n  of 

t h eir a cti v e ti m e cli m bi n g a n d will cli m b t o t h e e m er g e nt l e v el of t h e r ai nf or est ( Ur b a ni 

a n d  B os q u e,  2 0 0 7).  T h e  a bilit y  t o  a p pl y  a  si z a bl e  e xt e ns or  m o m e nt  at  t h e  a n kl e,  i n 

a d diti o n  t o  a  f ull y  s u pi n at e d  hi n df o ot  i n  c o nt a ct  t h e  s u bstr at e,  w o ul d  gr e atl y  b e n efit 

s ust ai n e d  v erti c al  cli n gi n g;  a  str at e g y  t h at  s h o ul d  all o wi n g  sl ot hs  t o  c o ns er v e  e n er g y 

w hil e cli m bi n g.  

C o n cl u di n g r e m a r k s  

T his  a n al ysis  of  m us cl e  ar c hit e ct ur al  pr o p erti es  i n  t h e  p el vi c  li m b  of B.  v ari e g at us  

i n di c at es  s e v er al  e x p e ct e d  a n d  u n e x p e ct e d  f e at ur es  of  t h e  m us c ul at ur e.  D es pit e  t h e 

r e q uir e m e nt  of  l ar g e  fl e x or  m o m e nts  f or  s us p e ns or y  s u p p ort  a n d  sl o w,  i nt er mitt e nt 

l o c o m oti o n,  m a n y  sl ot h  li m b  m us cl es  d e m o nstr at e  l o n g,  p ar all el  f as ci cl es  a n d  s h ort 

m o m e nt  ar ms  t h at  ar e  p air e d  wit h  o v er all  r e d u c e d  e xt e ns or  m us cl e  m as s.  I n  or d er  t o 

c o u nt er a ct  t h e  j oi nt  r ot ati o n al  v el o cit y  a d v a nt a g e  i n di c at e d  b y  t his  m us cl e  f or m,  sl ot hs 

a p p e ar t o  h a v e  s e v er al  m o difi c ati o ns  i n  t h eir  li m bs,  s u c h  as m ulti pl e  fl e x or  m us cl es  ( or 

f u n cti o n al  gr o u ps)  c a p a bl e  of  a p pl yi n g  l ar g e  t or q u e  f or  j oi nt  st a bilit y  b y  el o n g ati o n  of 

m o m e nt  ar ms  a n d  str o n g  di git al  fl e x ors  f or  m ai nt e n a n c e  of  gri p  f or c e.  T h es e  pr o p erti e s 

s h o ul d all o w t h e m us cl es of sl ot hs t o p erf or m sl o w, f or c ef ul c o ntr a cti o ns w hil e o p er ati n g 

wit h gr e at er m e c h a ni c al a d v a nt a g e t o m o v e t h eir li m b j oi nts at l o w er v el o cit y. B e y o n d a n 

e q u al r ol e i n s u p p ort, m us cl e ar c hit e ct ur al pr o p erti es b et w e e n t h e f or e - a n d hi n dli m bs ar e 

w ell m at c h e d t o t h eir r es p e cti v e f u n cti o ns of pr o p ul si o n a n d br a ki n g c o ntr ol. M or e o v er, 

t h e e xt e ns ors of t h e p el vi c li m b ar e l es s s uit e d t o pr o vi d e s u bst a nti al v erti c al pr o p ulsi o n 

b ut m a y b e es s e nti al t o s u p p ort  f or sl o w cli m bi n g a n d gr as pin g -cli n gi n g b e h a vi or. I n t his 

r e g ar d,  sl ot hs ar e  c o n v er g e nt  wit h  l orisi d  pri m at e s.  F ut ur e  st u di es  ai m  t o  d et er mi n e 

p os si bl e m us cl e  c o -a cti v ati o n  p att er ns  of  r e cr uit m e nt  i n  b ot h  s y n er gisti c  a n d  a nt a g o nist 

m us cl e  p airs  t o f urt h er  cl arif y f u n cti o n al  r ol es  i n pr o p ulsi o n,  j oi nt  st a bili z ati o n,  a n d 

br a ki n g f u n cti o n b et w e e n  li m b  p airs  i n  t hr e e -t o e d  sl ot hs.  T his  w or k t o  b e c o u pl e d  wit h 

n o v el r e c or di n gs of s u bstr at e r e a cti o n f or c es i n Br a d y p us will pr o vi d e a d diti o n al i nsi g ht 
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i nt o t h e m e c h a nis ms of t e nsil e li m b l o a di ng i n s us p e ns or y t a x a a n d e q u al w ei g ht -b e ari n g 

s u p p ort b et w e e n li m b p airs o bs er v e d o nl y i n tr e e sl ot hs.   
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C a n e p ari, M., R e g gi a ni, C. a n d M as c ar ell o, F. ( 2 0 0 7). Fi b er t y p es i n c a ni n e m us cl es: 

m y osi n  is of or m  e x pr es si o n  a n d  f u n cti o n al  c h ar a ct eri z ati o n. A m.  J.  P h ysi ol.  2 9 2: 

C 1 9 1 5 – C 1 9 2 6.  

T o u c ht o n, J. M., H s u, Y. C. a n d P all er o ni, A. ( 2 0 0 2). F or a gi n g e c ol o g y of r ei ntr o d u c e d 

c a pti v e -br e d  s u b a d ult h ar p y  e a gl es  ( H ar pi a  h ar p yj a )  o n  B arr o  C ol or a d o  Isl a n d, 

P a n a m a. O r nit h ol. N e otr o p . 1 3: 3 6 5– 3 7 9.  

Ur b a ni, B. a n d B os q u e, C. ( 2 0 0 7). F e e di n g e c ol o g y a n d p ost ur al b e h a vi o ur of t h e t hr e e -

t o e d sl ot h (Br a d y p us v ari e g at us ) i n n ort h er n V e n e z u el a. M a m m al . Bi ol. 7 2 : 3 2 1 – 3 2 9 . 

U s h er w o o d,  J. R.  a n d  D a vi es,  Z.  T.  ( 2 0 1 7).  W or k  mi ni mi z ati o n  a c c o u nts  f or  f o otf all 

p h asi n g i n sl o w q u a dr u p e d al g aits. e Lif e 6: e 2 9 4 9 5. d oi 1 0. 7 5 5 4/ e Lif e. 2 9 4 9 5  
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V a u g h n,  C.,  R a mír e z,  O.,  H err er a,  G.  a n d  G uri es,  R.  ( 2 0 0 7).  S p ati al  e c ol o g y  a n d 

c o ns er v a ti o n  of  t w o  sl ot h  s p e ci es  i n  a  c a c a o  l a n ds c a p e  i n  Li m ó n,  C ost a  Ri c a. 

Bi o di v er s. C o ns er v . 1 6: 2 2 9 3– 2 3 1 0.  

Vi z c aí n o, S. F., B ar g o, M. S. a n d F ari ñ a, R. A. ( 2 0 0 8). F or m, f u n cti o n, a n d p al e o bi ol o g y 

i n  x e n art hr a ns.  I n:  T h e  bi ol o g y  of  t h e  x e n art hr a  ( e ds.  S.  F.  Vi z c aí n o  a n d  W.  J. 

L o u g hr y), p p. 8 6 -9 9. G ai n es vill e: U ni v ersit y Pr es s of Fl ori d a.  

Vi z c aí n o, S. F. ( 2 0 0 9). T h e t e et h of t h e "t o ot hl es s ": N o v elti es a n d k e y i n n o v ati o ns i n t h e 

e v ol uti o n of x e n art hr a ns ( M a m m ali a, X e n art hr a). P al e o bi ol o g y  3 5: 3 4 3 – 3 6 6.   

V oiri n,  B.,  S cri b a,  M.  F.,  M arti n e z -G o n z al e z,  D.,  V ys s ots ki,  A.  L.,  Wi k els ki,  M.  a n d 

R att e n b or g, N.  C. ( 2 0 1 4). E c ol o g y a n d N e ur o p h ysi ol o g y of Sl e e p i n T w o Wil d Sl ot h 

S p e ci es.  Sl e e p . 3 7: 7 5 3– 7 6 1.  

Willi a ms, S. B., P a y n e, R. C. a n d Wils o n, A. M. ( 2 0 0 7 a) F u n cti o n al s p e ci alis ati o n of t h e 

p el vi c li m b of t h e h ar e ( L e p us e ur o p e us ). J. A n at.  2 1 0: 4 7 2 – 4 9 0.  

Willi a ms, S. B., P a y n e, R. C. a n d Wils o n, A. M. ( 2 0 0 7 b) F u n cti o n al s p e ci alis ati o n of t h e 

t h or a ci c li m b of t h e h ar e (L e p us e ur o p e us ). J. A n at.  2 1 0: 4 9 1 – 5 0 5.  

Willi a ms,  S.  B.,  Wils o n,  A.  M.,  D a y n es,  J.,  P e c k h a m,  K.  a n d  P a y n e,  R.  C.  ( 2 0 0 8 a) 

F u n cti o n al  a n at o m y  a n d  m us cl e  m o m e nt  ar ms  of  t h e  t h or a ci c  li m b  of  a n  elit e 

s pri nti n g at hl et e: t h e r a ci n g gr e y h o u n d ( C a nis f a mili aris ). J. A n at . 2 1 3: 3 7 3– 3 8 2.  

Willi a ms,  S.  B.,  Wils o n,  A.  M.,  R h o d es,  L.,  A n dr e w s,  J.  a n d  P a y n e,  R.  C.  ( 2 0 0 8 b). 

F u n cti o n al a n at o m y a n d m us cl e m o m e nt ar ms of t h e p el vi c li m b of a n elit e s pri nti n g 

at hl et e: t h e r a ci n g gr e y h o u n d ( C a nis f a mili aris ). J A n at.  2 1 3: 3 6 1 – 3 7 2.  

Wi n dl e, B. C. A. a n d P ars o ns, F. G. ( 1 8 9 9). O n t h e m y ol o g y of t h e E d e nt at a.  Pr o c. Z o ol. 

S o c., L o n d . 9 9 0 – 1 0 1 7.  

Wisl o c ki, G. B. ( 1 9 2 8). O bs er v ati o ns o n t h e gr os s a n d mi cr os c o pi c a n at o m y of t h e sl ot hs 

(Br a d y p us  gris e us  gris e us  Gr a y  a n d C h ol o e p us  h off m a n ni  P et ers). J.  M or p h ol .  46: 

3 1 7 – 3 9 7.  

W ol e d g e,  R.  C.,  C urti n,  N.  A.  a n d  H o ms h er,  E.  ( 1 9 8 5).  E n er g eti c  as p e cts  of  m us cl e 

c o ntr a cti o n. M o n o gr a p h P h ysi ol. S o c. 4 1: 1 – 3 5 7.   
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Z aj a c  F.  E.  ( 1 9 8 9).  M us cl e  a n d  t e n d o n:  pr o p erti es,  m o d els,  s c ali n g,  a n d  a p pli c ati o n  t o 

bi o m e c h a ni cs a n d m ot or c o n tr ol. Crit. R e v. Bi o m e d. E n g.  1 7 : 3 5 9– 4 1 1.  

Z aj a c,  F.  E.  ( 1 9 9 2).  M us cl e  c o or di n ati o n  of  m o v e m e nt:  a  p ers p e cti v e. J.  Bi o m e c h.  2 6: 

1 0 9 – 1 2 4.  
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T a bl e 1  Ori gi ns, i ns erti o ns, a n d fi b er ar c hit e ct ur e f or all hi n dli m b m us cl es of B. v ari e g at us.  

M us cl e  A b b r e v.  O ri gi n  I ns e rti o n  Fi b e r A r c hit e ct u r e  

Hi p r e gi o n      

Ili o ps o a s I L P S 
Ili a c f os s a; tr a ns v ers e pr o c e ss e s L 1-L 4; 
v e ntr ol at er al s a cr u m  

L e s s er tr o c h a nt er of f e m ur 
p ar all el/  

u ni p e n n at e  

Ps o a s mi n or  P M N  B o d y of t er mi n al t h or a ci c v ert e br a e  Ili o p e cti n e al m ar gi n of illi u m p ar all el  

T e ns or f a s ci a l at a e  T F L  T u b er c o x a e of ili u m  F a s ci a l at a e o n l at er al f e m ur  p ar all el  

Gl ut e us s u p erfi ci alis  G L S  Ili a c cr e st, l at er al m ar gi n of s a cr u m 
F e m ur dist al t o gr e at er tr o c h a nt er; 
f a s ci a l at a e  

p ar all el  

Gl ut e us m e di us  G L M  D ors al b o d y of ili u m  Gr e at er tr o c h a nt er of f e m ur  p ar all el  

Gl ut e us pr of u n d us  G L P  C a u d al a s p e ct of d ors al ili u m Gr e at er tr o c h a nt er of f e m ur  p ar all el  

Pirif or mis  P F M  V e ntr al b or d er of s a cr u m  C a u d al a s p e ct of gr e at er tr o c h a nt er  p ar all el  

G e m elli  G E M  L at er al s urf a c e of is c hi al t u b er osit y  B a s e of gr e at er tr o c h a nt er  p ar all el  

Q u a dr at us f e m oris  Q F  L at er al b o d y of is c hi u m 
Dist al, c a u d al as p e ct of gr e at er 
tr o c h a nt er 

p ar all el  

O bt ur at or e xt er n us  O E  
C a u d ol at er al b o d y of p u bis, p u bi c r a m us, 
o bt ur at or m e m br a n e  

C a u d al a s p e ct of gr e at er tr o c h a nt er  p ar all el  

O bt ur at or i nt er n us  OI  
O bt ur at or m e m br a n e, cr a ni o v e ntr al b o d y 
of p u bis  

Tr o c h a nt eri c f os s a; j oi nt c a ps ul e of 
hi p  

p ar all el  

T hi g h r e gi o n      

S art ori us  S R T  Cr a ni al a s p e ct of t u b er c o x a e  
Dist al, m e di al f e m ur; m e di al c o n d yl e 
of ti bi a   

p ar all el/  
u ni p e n n at e  

Gr a cilis  G R C  
Ili o p u bi c r a m us, b o d y of p u bis, p u bi c 
s y m p h ysis 

M e di al c o n d yl e of ti bi a a n d s h aft; 
t hi c k cr ur al f a s ci a of c a u d al l e g 

p ar all el  

P e cti n e us  P C T  P e cti n e al ri d g e of ili u m  M e di al f e m or al mi d -s h aft  
p ar all el/  
bi p e n n at e  

A d d u ct or      

–  br e vis  A D D B  Cr a ni al 1/ 4 ili o p u bi c r a m us Pr o xi m al 2/ 3 c a u d o m e di al f e m ur  p ar all el  
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–  l o n g us a  A D D L  Ili o p u bi c r a m us 
Dist al 1/ 3 c a u d o m e di al f e m ur, m e di al 
f e m or al e pi c o n d yl e 

p ar all el  

–  m a g n us  A D D M  
C a u d al 1/ 4 ili o p u bi c r a m us, p u bi c 
t u b er cl e 

Mi d dl e 1/ 3 c a u d al f e m ur  p ar all el  

S e mit e n di n os us  S T  
D ors al is c hi o p u bi c r a m us, is c hi al 
t u b er osit y 

C a u d al a s p e ct of m e di al c o n d yl e of 
ti bi a; m e di al f e m or al e pi c o n d yl e b  

p ar all el  

S e mi m e m br a n os us  S M  Is c hi al t u b er osit y, is c hi o p u bi c r a m us 
M e di al c o n d yl e of ti bi a; c a u d o m e di al, 
dist al f e m ur; cr ur al f a s ci a  

p ar all el  

Bi c e ps f e m oris –  l o n g  B F L  
D ors o c a u d al is c hi al t u b er osit y, 
is c hi o p u bi c r a m us 

Pr o xi m al 1/ 4 fi b ul a; s u p erfi ci al l a y er 
of cr ur al f a s ci a  

p ar all el  

Bi c e ps f e m oris –  s h ort B F S  
Dist al gr e at er tr o c h a nt er, pr o xi m al 1/ 2 
c a u d ol at er al f e m or al s h aft  

Fi b ul ar mi d -s h aft; d e e p l a y er of cr ur al 
f a s ci a 

p ar all el  

Q u a dri c e ps f e m oris      

R e ct us f e m oris  R F  Ili u m, cr a ni o v e ntr al li p of a c et a b ul u m  

P at ell a; ti bi al t u b er osit y vi a p at ell ar 
li g a m e nt 
 

p ar all el  

V a st us i nt er m e di us  c  VI  
F e m or al h e a d, e ntir e l e n gt h of cr a ni al 
f e m or al s h aft 

p ar all el  

V a st us l at er alis  V L  
F e m or al h e a d, cr a ni ol at er al s urf a c e of 
gr e at er tr o c h a nt er a n d f e m or al s h aft  

u ni p e n n at e  

V a st us m e di alis  V M  
B a s e of t h e f e m or al n e c k, cr a ni o m e di al 
f e m or al s h aft 

u ni p e n n at e  

L e g r e gi o n      

G a str o c n e mi us –  m e di al  M G  C a u d al a s p e ct of m e di al c o n d yl e of f e m ur  D ors al pr oj e cti o n of c al c a n e us  p ar all el  

G a str o c n e mi us –  l at er al  L G  C a u d ol at er al a s p e ct of dist al f e m ur  D ors al pr oj e cti o n of c al c a n e us  
p ar all el/  

u ni p e n n at e  

S ol e us  S O L  Pr o xi m al 2/ 3 c a u d al fi b ul a  D ors o m e di al s urf a c e of c al c a n e us  
p ar all el/  

u ni p e n n at e  

P o plit e us  P O P  
C a u d al a s p e ct of l at er al f e m or al 
e pi c o n d yl e ( c o nt ai ns s e s a m oi d b o n e)  

C a u d al a s p e ct of m e di al ti bi al c o n d yl e  u ni p e n n at e  

Fl e x or di git or u m 
s u p erfi ci alis  

F D S  
C a u d ol at er al a s p e ct of dist al f e m or al 
s h aft, l at er al e pi c o n d yl e of f e m ur  

C o m m o n fl e x or t e n d o n of F D P  u ni p e n n at e/ bi p e n n at e  

Fl e x or e s di git or u m 
pr of u n di  

F D P  
C a u d o m e di al ti bi al s h aft; i nt er os s e o us 
m e m br a n e; c a u d al fi b ul ar h e a d a n d s h aft  

Dist al p h al a n x of di gits II -I V ( vi a 
t hr e e fl e x or t e n d o ns a n d v ol ar t u n n els) 

u ni p e n n at e  

Ti bi alis c a u d alis  T C D  
C a u d al s urf a c es of ti bi al s h aft a n d i n n er 
m e di al c o n d yl e  

B a s e of r e m n a nt m et at ars al I  p ar all el  
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Fi b ul aris l o n g us  F L  
Cr a ni ol at er al f e m or al c o n d yl e; fi b ul ar 
h e a d a n d pr o xi m al 1/ 2 s h aft  

T u b er osit y of r e m n a nt m et at ars al V, 
b a s e of m et at ars al I V  

p ar all el  

Fi b ul aris br e vis  F B  
Dist al 1/ 2 l at er al fi b ul ar s h aft a n d l at er al 
m all e ol us of fi b ul a  

B a s e of t u b er osit y of m et at ars al V  p ar all el  

F ui b ul aris t erti us  d  F T  Cr a ni al a s p e ct of l at er al ti bi al c o n d yl e  D or al a s p e ct of b a s e of m et at ars al I V   

Fi b ul aris q u art us  F Q  Dist ol at er al fi b ul a  L at er al a s p e ct of c al c a n e us  p ar all el  

E xt e ns or di git or u m 
l at er alis e  

E D L A  C a u d ol at er al fi b ul ar s h aft  
M et at ars al I V, l at er al as p e ct of 
t u b er osit y of m et at ars al V 

p ar all el  

E xt e ns or di git or u m 
l o n g us 

E D L O  
Cr a ni al a s p e ct of l at er al ti bi al c o n d yl e; 
Fi b ul ar h e a d; l at er al f e m or al c o n d yl e  

D ors al a s p e ct of b a s e of m et at ars al III  p ar all el  

Ti bi alis cr a ni alis –  ti bi al T C N -t 
M e di al c o n d yl e of ti bi a a n d ti bi al 
t u b er osit y; Fi b ul ar h e a d 

L at er al a s p e ct of r e m n a nt m et at ars al I  p ar all el  

Ti bi alis cr a ni alis  –  
fi b ul ar et ti bi al 

T C N -ft Dist al 1/ 2 cr a ni o m e di al fi b ul a  
L at er al a s p e ct of r e m n a nt m et at ars al I 
( vi a c o m m o n t e n d o n) 

p ar all el  

Ti bi alis cr a ni alis –  
fi b ul ar 

T C N -f 
Dist al, cr a ni al fi b ul a a n d l at er al 
m all e ol us; dist ol at er al ti bi a  

D ors o m e di al a s p e ct of b a s e of 
r e m n a nt m et at ars al I 

p ar all el  

F o ot r e gi o n      

Q u a dr at us pl a nt a e  Q P  
M e di al, pl a nt ar, a n d l at er al s urf a c es of 
c al c a n e us  

Fl e x or t e n d o ns of di gits ( 3; pr o xi m al 
t o v ol ar t u n n els) 

p ar all el  

Fl e x or di git or u m br e vis f F D B  C al c a n e us ( vi a t e n d o n/ m us cl e sli ps) Dist al, l at er al a s p e ct of m et at ars al I V  p ar all el  

E xt e ns or di git or u m 
br e vis  

E D B  
D ors al s urf a c e of t ars als; pr o xi m al e n d   
of m et at ars als II -I V 

Dist al e n d of i nt er m e di at e p h al a n x, 
b a s e of dist al p h al a n x of di gits II -I V 

p ar all el  

I nt er os s ei  I O S 
M e di al/l at er al a s p e cts of m et at ars als I -V; 
t ars al b o n e s 

Pr o xi m al/i nt er m e di at e p h al a n g e s of 
di gits II -I V; t e n d o n e x p a nsi o ns of 
E D B  

bi p e n n at e  

L u m bri c al es  g  L U M  
Pl a nt ar a s p e ct of f o ot ( a s t e n d o n/ m us cl e 
sli ps of u n cl e ar ori gi n)  

L at er al a s p e ct of r e m n a nt m et at ars al V  p ar all el  

a, m. a d d u ct or l o n g us h a s cr a ni al a n d c a u d al h e a ds; b, o bs er v e d i n t w o i n di vi d u als; c, a d diti o n all y ori gi n at e d fr o m a c et a b ul u m i n t hr e e i n di vi d u als fr o m  
w hi c h  a  m us cl e  m o m e nt  ar m  w a s  m e a s ur e d;  d -e,  p os si bl y  a s u b -di visi o n  of  fi b ers  fr o m  m.  fi b ul ar us  l o n g u s;  f-g,  n ot  cl e arl y  o bs er v e d/ pr e s e nt  i n  all 
i n di vi d u als. 
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T a bl e 2  M us cl e f u n cti o n al gr o u ps us e d f or a n al ysis.  

M us cl es st u di e d a n d M us cl e g r o u ps  

 
Hi p fl e x o r s  

Ili o ps o a s,  Ps o a s  mi n ora ,  S art ori us,  R e ct us  f e m oris,  T e ns or  f a s ci a  l at a e,  Gl ut e us  s u p erfi ci alis,  V a st us 
i nt er m e di usb  

Hi p e xt e ns o r s  
Gl ut e us m e di us ( F us e d wit h: Pirif or mis a n d Gl ut e us pr of u n d us), Bi c e ps f e m oris (l o n g h e a d), 
S e mi m e m br a n os us, S e mit e n di n os us  

F e m o r al R ot at o r s/ St a bili z e r s  
Q u a dr at us f e m oris, O bt ur at or i nt er n us, O bt ur at or e xt er n us, G e m elli (i nf eri or, s u p eri or)  

Hi p a b d u ct o r s  
Gl ut e us s u p erfi ci alis, Gl ut e us m e di us, Gl ut e us pr of u n d us c  

Hi p a d d u ct o r s  
Gr a cilis, A d d u ct or m a g n us, A d d u ct or l o n g us ( h e a ds: cr a ni al, c a u d al), A d d u ct or br e vis, P e cti n e us  

K n e e fl e x o rs  
S art ori us, Bi c e ps f e m oris (s h ort h e a d), Bi c e ps f e m oris (l o n g h e a d), S e mi m e m br a n os us, 
S e mit e n di n os us, Gr a cilis, P o plit e us, G a str o c n e mi us ( h e a ds: m e di al, l at er al), Fl e x or di git or u m 
s u p erfi ci alis (i. e ., Pl a nt aris) 

K n e e e xt e ns o r s  
V a st us l at er alis, V a st us m e di alis, V ast us i nt er m e di us, R e ct us f e m oris  

A n kl e fl e x o r s  
Ti bi alis cr a ni alis (ti bi al h e a d), Ti bi alis cr a ni alis (ti bi al et fi b ul ar h e a d), Ti bi alis cr a ni alis  (fi b ul ar h e a d), 
Fi b ul aris l o n g us (i. e., P er o n e us l o n g us), E xt e ns or di git or u m l o n g us d  

A n kl e e xt e ns o r s  
G a str o c n e mi us ( h e a ds: m e di al, l at er al), S ol e us, Ti bi alis c a u d alis, Fi b ul aris q u art us (i. e., P er o n e us 

q u art us)  
Di git al fl e x o r s  

Fl e x or di git or u m s u p erfi ci alis, Fl e x or e s di git or u m pr of u n di, Q u a dr at us pl a nt a e,  

Di git al e xt e ns o r s  
E xt e ns or di git or u m br e vis  

A n kl e/ F o ot S u pi n at o r s  
Ti bi alis cr a ni alis ( 3 m us cl e c o m pl e x)  e , Ti bi alis c a u d alis 

A n kl e/ F o ot/ L e g P r o n at o r s  
P o plit e us, Fi b ul aris q u art us, Fi b ul aris l o n g us, Fi b ul aris br e vis (i. e., P er o n e us br e vis) 

Di git al A b d u ct o r s  
I nt er os s ei ( m e di al, c e ntr al, l at er al) f 

a, p orti o n of t h e m us cl e b ell y is f us e d wit h m. ps o as m aj or c a n a s sist hi p fl e xi o n; b, a d diti o n all y ori gi n at e d 
fr o m a c et a b ul u m i n t hr e e i n di vi d u als wit h a s h ort, fl e x or m us cl e ar m;  c, m us cl e w as cl e arl y s e p ar a bl e i n 
o n e i n di vi d u al; d, i ns erts o nt o b a s of m et at ars al III a n d c a n o nl y a ct t o fl e x t h e f o ot at t h e a n kl e j oi nt; e, 
f us e d m us cl e c o m pl e x c o m prisi n g m o difi e d fl e x or/s u pi n at or m us cl es fr o m t h e f or m er m. e xt e ns or di git I 
l o n g us a n d br e vis; f, a n al y z e d o nl y f or m a s s.  



 
 

3 3  

T a bl e 3  Ar c hit e ct ur al m e as u r e m e nts (r a w d at a) f or all hi n dli m b m us cl es of B. v ari e g at us.  

M us cl e  A g e  
M us cl e 
m ass  
( g) 

M us cl e  
l e n gt h  
( c m) 

F as ci cl e 
l e n gt h  
( c m) 

P e n n ati
o n  

a n gl e  
( ) 

P C S A  
( c m2 ) 

F m a x  
( N) 

I L P S 
A  1 0. 9 ± 3. 9  1 0. 3 ± 2. 0  5. 0 3 ± 1. 1  1 9  2. 2 4 ± 1. 0  6 7. 3 ± 3 0  

J  3. 0 ± 0. 0  5. 0 4 ± 2. 5  3. 5 0 ± 0. 9  0  0. 7 9 ± 0. 1  2 3. 9 ± 2. 9  

P M N  
A  3. 6 3 ± 1. 4  8. 3 5 ± 2. 7  3. 2 8 ± 0. 8  0  1. 0 3 ± 0. 3  3 1. 0 ± 9. 4  

J  0. 8  4. 0 8  1. 6 8 ± 0. 5  0  0. 4 5  1 3. 5  

T F L  
A  1. 7 4 ± 0. 8  5. 6 0 ± 0. 9  4. 9 9 ± 1. 1  0  0. 3 4 ± 0. 1  1 0. 1 ± 3. 4  

J  0. 2 5 ± 0. 1  3. 5 2 ± 0. 3  2. 5 9 ± 0. 5  0  0. 1 1  3. 2 8  

G L S  
A  7. 0 8 ± 2. 9  8. 5 7 ± 1. 5  5. 0 4 ± 1. 3  0  1. 3 3 ± 0. 5  4 0. 0 ± 1 5  

J  1. 2 0 ± 0. 3  4. 3 0 ± 1. 4  3. 9 6 ± 0. 6  0  0. 3 3  1 0. 0  

G L M  
A  1 0. 0 ± 4. 0  6. 0 9 ± 0. 7  4. 4 7 ± 1. 2  0  2. 0 6 ± 0. 6  6 1. 8 ± 5. 3  

J  2. 3 0 ± 0. 7  5. 1 3 ± 2. 8  2. 6 8 ± 0. 6  0  0. 9 9  2 9. 6  

G L P  
A  

8. 8 2 ± 0. 0
2  

4. 1 4  2. 9 9 ± 1. 3  0  0. 4 4  1 3. 3  

J  -- -- -- -- -- -- 

P F M  
A  3. 3 3 ± 0. 8  6. 5 2 ± 2. 1  3. 9 1 ± 0. 9  0  0. 6 4 ± 0. 0  1 9. 1 ± 1. 5  

J  0. 6 0  3. 9 0  3. 9 0 ± 0. 7  0  0. 1 5  4. 3 5  

G E M  
A  1. 4 5 ± 0. 6  2. 4 4 ± 0. 1  1. 8 0 ± 0. 2  0  1. 0 3  3 1. 0  

J  0. 3 5  2. 1 0  1. 6 4 ± 0. 2  0  0. 2 0  6. 0 5  

Q F  
A  2. 6 8 ± 1. 6  5. 1 4 ± 0. 7  3. 4 9 ± 0. 9  0  0. 7 4 ± 0. 5  2 2. 2 ± 1 5  

J  0. 7 5 ± 0. 4  3. 7 5 ± 0. 6  2. 6 2 ± 0. 4  0  0. 1 8  5. 2 5  

O E  
A  5. 1 7 ± 2. 5  4. 7 2 ± 0. 3  3. 6 3 ± 0. 7  0  1. 3 8 ± 0. 7  4 1. 3 ± 2 2  

J  1. 0  3. 4 1  -- -- -- -- 

OI  
A  0. 4 6 ± 0. 1  2. 5 7 ± 0. 3  2. 3 0 ± 0. 4  0  0. 2 1 ± 0. 1  6. 1 7 ± 1. 6  

J  0. 2 0 ± 0. 0  2. 0 4 ± 0. 3  -- -- -- -- 

S R T  
A  3. 3 6 ± 1. 4  9. 3 3 ± 1. 0  6. 8 3 ± 1. 5  1 3  0. 5 6 ± 0. 2  1 6. 9 ± 6. 3  

J  0. 4 5 ± 0. 2  5. 4 6 ± 1. 0  4. 7 3 ± 0. 8  0  0. 1 0 ± 0. 1  3. 0 2 ± 2. 0  

G R C  
A  8. 2 4 ± 3. 7  1 1. 3 ± 2. 6  8. 4 9 ± 2. 1  0  0. 9 2 ± 0. 4  2 7. 5 ± 1 1  

J  1. 4 0 ± 1. 0  8. 0 0 ± 1. 8  6. 5 2 ± 1. 2  0  0. 1 8 ± 0. 1  5. 5 2 ± 3. 2  

P C T  
A  4. 0 0 ± 0. 8  6. 9 3 ± 1. 0  3. 3 6 ± 0. 8  0  1. 2 7 ± 0. 1  3 8. 1 ± 3. 8  

J  1. 0 0 ± 0. 4  4. 4 0  1. 5 3 ± 0. 4  8  0. 4 3  1 2. 8  

A D D B  
A  3. 0 9 ± 0. 6  6. 1 0 ± 0. 5  3. 6 2 ± 1. 1  0  0. 8 8 ± 0. 2  2 6. 5 ± 6. 7  

J  0. 6 2  4. 1 9  2. 9 3 ± 0. 5  0  0. 2 0  5. 9 7  

A D D L  
A  3. 4 4 ± 1. 2  8. 2 4 ± 1. 1  6. 0 9 ± 1. 2  0  0. 5 4 ± 0. 2  1 6. 1 ± 5. 5  

J  0. 6 9 ± 0. 0  5. 1 2 ± 1. 7  4. 2 8 ± 1. 4  0  0. 1 5  4. 5 2  

A D D M  
A  3. 0 0 ± 1. 0  7. 9 2 ± 0. 8  6. 1 2 ± 0. 9  0  0. 4 7 ± 0. 2  1 4. 1 ± 4. 8  

J  0. 9 0 ± 0. 3  5. 5 3 ± 0. 5  4. 6 5 ± 0. 7  0  0. 2 2  6. 7 0  

S T  
A  3. 9 4 ± 1. 4  9. 5 9 ± 1. 1  6. 8 3 ± 1. 5  0  0. 5 6 ± 0. 2  1 6. 8 ± 6. 7  

J  0. 5 5 ± 0. 2  5. 7 2 ± 0. 5  4. 0 3 ± 0. 9  0  0. 1 3 ± 0. 0  3. 7 9 ± 0. 6  

S M  
A  9. 4 8 ± 3. 9  1 0. 6 ± 2. 3  8. 7 6 ± 1. 5  0  1. 0 5 ± 0. 3  3 1. 6 ± 1 0  

J  2. 3 5 ± 1. 1  7. 1 9 ± 2. 0  5. 6 4 ± 1. 4  0  0. 3 6 ± 0. 1  1 0. 7 ± 1. 7  

B F L  A  2. 9 2 ± 1. 8  9. 3 4 ± 3. 0  7. 3 1 ± 2. 7  0  0. 3 6 ± 0. 1  1 0. 9 ± 4. 3  
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J  0. 6 0 ± 0. 4  6. 3 8 ± 1. 7  5. 1 0 ± 0. 7  0  0. 1 0 ± 0. 1  3. 1 1 ± 1. 8  

B F S  
A  4. 4 2 ± 2. 1  1 2. 0 ± 1. 1  7. 3 5 ± 2. 6  0  0. 5 5 ± 0. 2  1 6. 6 ± 5. 3  

J  1. 0 5 ± 0. 5  7. 3 0 ± 2. 7  5. 8 9 ± 1. 9  0  0. 1 6 ± 0. 0  4. 8 2 ± 0. 9  

R F  
A  3. 0 0 ± 2. 1  7. 6 0 ± 1. 4  4. 0 7 ± 1. 8  1 6 ± 8  0. 7 0 ± 0. 5  2 0. 9 ± 1 5  

J  0. 7 2 ± 0. 7  5. 6 2  3. 2 9 ± 0. 9  0  0. 3 4  1 0. 3  

VI  
A  2. 6 9 ± 1. 5  7. 7 9 ± 2. 0  3. 7 7 ± 2. 7  1 5  0. 8 2 ± 0. 2  2 4. 5 ± 7. 0  

J  0. 3 4 ± 0. 0  4. 5 0  1. 8 8 ± 0. 7  1 2 ± 5  0. 1 3  4. 0 1  

V L  
A  2. 2 3 ± 0. 6  7. 4 8 ± 0. 8  2. 4 3 ± 0. 9  2 2 ± 8  0. 8 8 ± 0. 2  2 6. 3 ± 6. 9  

J  0. 4 3 ± 0. 2  4. 8 3 ± 1. 0  1. 3 7 ± 0. 3  1 6 ± 4  0. 2 8 ± 0. 1  8. 4 1 ± 3. 4  

V M  
A  3. 2 2 ± 1. 0  7. 9 4 ± 1. 3  3. 1 2 ± 1. 9  1 8 ± 7  1. 1 4 ± 0. 6  3 4. 3 ± 1 9  

J  0. 8 1 ± 0. 0  
4. 9 5 ± 0. 0

7  
2. 1 3 ± 0. 9  1 2 ± 5  0. 4 2 ± 0. 2  1 2. 6 ± 7. 1  

M G  
A  2. 8 0 ± 1. 4  1 0. 0 ± 2. 1  7. 8 9 ± 1. 7  0  0. 3 2 ± 0. 1  8. 5 8 ± 3. 7  

J  0. 6 0 ± 0. 3  6. 4 6 ± 2. 5  5. 4 2 ± 1. 5  0  0. 1 0 ± 0. 0  3. 0 4 ± 0. 6  

L G  
A  2. 5 4 ± 1. 2  1 1. 6 ± 1. 6  8. 0 7 ± 2. 3  7  0. 2 9 ± 0. 1  9. 6 6 ± 4. 2  

J  0. 7 5 ± 0. 1  
7. 4 7 ± 0. 4

0  
6. 2 8 ± 0. 8  0  0. 1 1 ± 0. 0  3. 4 1 ± 0. 7  

S O L  
A  2. 6 2 ± 1. 1  

8. 6 6 ± 0. 8
4  

5. 9 4 ± 1. 5  1 2  0. 4 2 ± 0. 2  1 2. 6 ± 5. 9  

J  0. 5 0  6. 4 2  4. 3 1 ± 0. 4  0  0. 1 1  3. 2 8  

P O P  
A  2. 0 5 ± 0. 5  4. 3 9 ± 0. 7  2. 4 2 ± 0. 6  1 5 ± 7  0. 7 6 ± 0. 2  2 2. 7 ± 5. 3  

J  0. 3 5 ± 0. 2  2. 6 1 ± 0. 3  1. 5 0 ± 0. 4  2 3  0. 2 1 ± 0. 1  6. 2 6 ± 3. 5  

F D S  
A  1 0. 4 ± 4. 1  8. 0 2 ± 1. 2  5. 9 5 ± 1. 9  0  1. 6 4 ± 0. 6  4 9. 1 ± 1 8  

J  2. 2 0 ± 0. 7  4. 5 0  4. 1 6 ± 1. 3  1 8  0. 4 5 ± 0. 0  1 3. 6 ± 1. 5  

F D P  
A  1 2. 2 ± 3. 9  7. 0 3 ± 1. 7  3. 8 9 ± 1. 5  2 0 ± 1 1  3. 1 3 ± 0. 9  9 3. 8 ± 2 6  

J  3. 8 5 ± 2. 3  5. 9 5 ± 1. 1  1. 6 9 ± 0. 8  1 5  1. 8 1 ± 0. 3  5 4. 3 ± 9. 0  

T C D  
A  1. 8 8 ± 1. 0  7. 2 3 ± 1. 4  3. 5 2 ± 1. 3  8 ± 3  0. 4 1 ± 0. 1  1 2. 4 ± 4. 5  

J  0. 2 0 ± 0. 0  5. 3 4 ± 1. 3  1. 7 4 ± 0. 4  0  0. 1 1  3. 2 5  

F L  
A  4. 3 0 ± 2. 1  1 0. 4 ± 0. 7  5. 5 3 ± 2. 0  1 1  0. 6 9 ± 0. 3  2 0. 8 ± 8. 8  

J  0. 7 0 ± 0. 4  5. 1 0  3. 5 2 ± 0. 7  0  0. 1 1  3. 2 2  

F B  
A  1. 3 8 ± 0. 5  5. 2 3 ± 1. 6  3. 1 8 ± 1. 3  0  0. 3 7 ± 0. 1  1 1. 0 ± 2. 8  

J  0. 4 5 ± 0. 2  2. 1 1  1. 3 1 ± 0. 3  0  0. 4 3  1 2. 9  

* E D L A  
A  1. 4 0  9. 2 3  2. 6 6 ± 1. 0  6  0. 4 9  1 4. 8  

J  1. 0 0  6. 6 9  4. 6 9 ± 0. 9  0  0. 2 0  6. 0 3  

F Q  
A  

0. 9 8 3 ± 0.
4  

3. 4 2  2. 6 5 ± 0. 6  6  0. 3 2  9. 6 3  

J  0. 1 0  2. 2 0  1. 9 8 ± 0. 1  0  0. 0 5  1. 4 3  

E D L O  
A  5. 4 0 ± 3. 1  1 0. 4 ± 0. 5  7. 3 6 ± 1. 5  9  0. 6 6 ± 0. 3  1 9. 7 ± 9. 4  

J  1. 0 0 ± 0. 6  6. 4 6 ± 1. 4  4. 8 9 ± 1. 2  0  0. 1 7 ± 0. 0  5. 1 5 ± 1. 5  

T C N -t 
A  3. 5 9 ± 1. 6  9. 3 1 ± 1. 0  5. 6 9 ± 1. 7  2 4  0. 5 0 ± 0. 2  1 4. 9 ± 6. 2  

J  0. 7 1 ± 0. 3  3. 7 0  2. 6 6 ± 0. 9  0  0. 2 4 ± 0. 0  7. 1 8 ± 1. 5  

T C N -ft 
A  5. 2 0 ± 1. 7  7. 2 8 ± 1. 3  4. 8 1 ± 1. 8  0  1. 3 0 ± 0. 4  3 9. 1 ± 1 3  

J  0. 9 7 ± 0. 4    0    

T C N -f 
A  2. 0 6 ± 1. 0  3. 2 3 ± 0. 5  2. 2 7 ± 0. 5  0  0. 8 4 ± 0. 3  2 5. 3 ± 1 0. 5  

J  0. 4 2 ± 0. 0  2. 0 0  1. 8 0 ± 0. 3  0  0. 2 1  6. 2 9  
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Q P  
A  5. 1 2 ± 1. 2  4. 2 5 ± 0. 4  3. 2 0 ± 0. 6  0  1. 5 3 ± 0. 3  4 6. 0 ± 8. 1  

J  1. 4 5 ± 0. 6  2. 7 6 ± 0. 5  2. 2 6 ± 0. 4  0  0. 5 9 ± 0. 1  1 7. 7 ± 4. 4  

* F D B  
A  2. 0 0 ± 0. 5  3. 4 2 ± 1. 4  2. 1 6 2 ± 0. 2  0  0. 1 9  5. 5 9  

J  0. 1 0  1. 6 0      

E D B  
A  1. 7 7 ± 0. 5  4. 6 0 ± 1. 5  3. 1 7 ± 0. 8  0  0. 5 7 ± 0. 2  1 7. 1 ± 5. 0  

J  0. 7 0 ± 0. 6  4. 6 2  -- -- -- -- 

I O S 
A  2. 1 5 ± 0. 8  -- -- -- -- -- 

J  0. 1 0  -- -- -- -- -- 

L U M  
A  0. 8 0 ± 0. 4  3. 4 3 ± 1. 5      

J  -- -- -- -- -- -- 

V al u e s ar e m e a n ± s. d.  (st a n d ar d d e vi ati o n) 
A, a d ult; J, j u v e nil e  
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T a bl e 4  M us cl e m o m e nt ar ms ( r m ) a n d f u n cti o n al d at a (j oi nt t or q u e, p o w er) f or s el e ct e d  

hi n dli m b m us cl es of B. v ari e g at us.  

J oi nt  M us cl e  A g e  
M e a n r m  

( c m) 

J oi nt 
T o r q u e  

( N. c m k g-1 ) 

S u m m e d 
T o r q u e  

P o w e r  
( W k g-1 ) 

Hi p  
I L P S 

A  1. 6 3 ± 0. 5  
3 4. 7 ± 2 3. 8  

 
0. 1 9 ± 0. 0 6  

 J  2. 0 0 ± 1. 4   
 

P M N  
A  -- 

-- 
 

0. 0 6 ± 0. 0 2  
 J  --  
 

T F L  
A  1. 8 4 ± 0. 2  

4. 6 4 ± 1. 6  
 

0. 0 3 ± 0. 0 1  
 J  1. 0 3   
 

G L S  
A  1. 0 1 ± 0. 7  

8. 8 9 ± 4. 5  
 

0. 1 2 ± 0. 0 5  
 J  0. 5 8 ± 0. 1   
 

S R T  
A  3. 8 0 ± 0. 5  

1 3. 2 3 ± 9. 1  
 

0. 0 5 ± 0. 0 3  
 J  1. 8 4 ± 0. 3   
 

* VI  
A  1. 0 7 ± 0. 3  

7. 0 7  
 

0. 0 4 ± 0. 0 2  
 J  1. 0 2   
 

R F  
A  1. 1 7 ± 0. 4  

7. 0 2 ± 4. 4  
Fl e x o r s  

0. 0 6 ± 0. 0 4  
 J  0. 7 8  7 5. 0  

 
G L M  

A  0. 7 0 ± 0. 2  
1 0. 9 0 ± 3. 1  

 
0. 1 6 ± 0. 0 4  

 J  0. 3 3   

 
G L P  

A  0. 6 9  
2. 2 9  

 
0. 0 2  

 J  --  

 
P F M  

A  0. 7 9 ± 0. 3  
4. 8 2  

 
0. 0 4 ± 0. 0 0 3  

 J  --  

 
B F L  

A  1. 8 4 ± 0. 6  
6. 1 8 ± 3. 7  

 
0. 0 5 ± 0. 0 3  

 J  1. 2 8   

 
S M  

A  2. 4 ± 0. 6  
1 9. 7 9 ± 6. 7  

 
0. 1 6 ± 0. 0 7  

 J  1. 8 1   
 

S T  
A  1. 6 4 ± 0. 2  

6. 9 8 ± 3. 3  
E xt e ns o r s  

0. 0 6 ± 0. 0 3  
 J  1. 2 8  5 1. 0  

K n e e  
S R T  

A  1. 4 8  
8. 2 2  

 
0. 0 5 ± 0. 0 3  

 J  --  
 

G R C  
A  2. 3 9 ± 0. 8  

1 7. 1 ± 1 0. 0  
 

0. 1 2 ± 0. 0 6  
 J  2. 0 5   
 

S M  
A  2. 1 8 ± 0. 4  

1 7. 9 ± 4. 7  
 

0. 1 6 ± 0. 0 7  
 J  1. 3 6   
 

S T  
A  1. 0 9 ± 0. 4  

4. 8 5 ± 1. 6  
 

0. 0 6 ± 0. 0 3  
 J  --  
 

B F L  
A  2. 2 6 ± 0. 7  

6. 2 4 ± 4. 2  
 

0. 0 5 ± 0. 0 3  
 J  0. 9 0   
 

B F S  
A  3. 5 6 ± 1. 1  

1 5. 6 ± 8. 4  
 

0. 0 7 ± 0. 0 3  
 J  2. 0 5   
 

M G  
A  1. 0 6 ± 0. 3  

2. 7 3 ± 1. 5  
 

0. 0 4 ± 0. 0 2  
 J  0. 6 1   
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L G  

A  2. 3 8 ± 1. 0  
5. 2 7 ± 3. 3  

 
0. 0 5 ± 0. 0 2  

 J  1. 3 8   

 
P O P  

A  0. 8 5 ± 0. 1  
5. 0 3 ± 1. 0  

 
0. 0 3 ± 0. 0 1  

 J  --  

 
F D S  

A  1. 3 4 ± 0. 3  
1 5. 5 ± 8. 6  

Fl e x o r s  
0. 1 6 ± 0. 0 6  

 J  0. 6 3  9 8. 3  

 
R F  

A  1. 0 0 ± 0. 3  
7. 0 8 ± 5. 5  

 
0. 0 6 ± 0. 0 4  

 J  1. 0 7   

 
VI  

A  1. 5 0  
6. 5 0  

 
0. 0 4 ± 0. 0 2  

 J  --  
 

V L  
A  0. 8 3 ± 0. 3  

6. 9 9 ± 2. 7  
 

0. 0 3 ± 0. 0 1  
 J  1. 0 7   
 

V M  
A  1. 2 3 ± 0. 4  

1 3. 4 ± 5. 0  
E xt e ns o r s  

0. 0 5 ± 0. 0 1  
 J  0. 9 5  3 4. 0  

A n kl e  
F L  

A  1. 1 4 ± 0. 3  
6. 2 5 ± 3. 0  

 
0. 0 7 ± 0. 0 4  

 J  0. 7 7   
 

E D L O  
A  1. 7 1 ± 0. 5  

9. 2 3 ± 4. 1  
 

0. 0 8 ± 0. 0 4  
 J  1. 2 6   
 

T C N -t 
A  0. 7 9 ± 0. 1  

3. 5 0 ± 1. 7  
 

0. 0 5 ± 0. 0 3  
 J  --  
 

T C N -ft 
A  0. 7 3 ± 0. 1  

8. 4 2 ± 3. 5  
 

0. 1 0 ± 0. 0 2  
 J  --  
 

T C N -f 
A  0. 7 9 ± 0. 1  

5. 4 6 ± 2. 5  
Fl e x o r s  

0. 0 3 ± 0. 0 1  
 J  -- 3 3. 0  

 
M G  

A  1. 7 9 ± 0. 6  
4. 2 6 ± 1. 9  

 
0. 0 4 ± 0. 0 2  

 J  1. 0 2   

 
L G  

A  2. 0 0 ± 0. 3  
4. 1 0 ± 1. 3  

 
0. 0 5 ± 0. 0 2  

 J  1. 0 2   

 
S O L  

A  1. 6 ± 0. 3  
5. 1 0 ± 2. 4  

 
0. 0 4 ± 0. 0 2  

 J  1. 4 3   

 
T C D  

A  0. 6 7 ± 0. 1  
2. 6 4 ± 1. 4  

 
0. 0 2 ± 0. 0 1  

 J  0. 5 6   

 
F Q  

A  0. 5 9 ± 0. 3  2. 1 7  
 

E xt e ns o r s  
0. 0 1 ± 0. 0 1  

 J  -- 1 8. 3  

Di gits  
F D S  

A  1. 1 4 ± 0. 4  
1 2. 7 2 ± 8. 2  

 
0. 1 6 ± 0. 0 6  

 J  0. 4 5   

 
F D P  

A  1. 1 3 ± 0. 1  
3 3. 5 ± 1 1. 0  

 
0. 2 1 ± 0. 0 8  

 J  0. 4 3   

 

Q P  

A  1. 2 3 ± 0. 1  

1 6. 5 4 ± 3. 7  

Fl e x o r s  

0. 0 9 ± 0. 0 2   J  -- 6 2. 8  

 J  --  

All v al u e s ar e m e a n ± s. d. (st a n d ar d d e vi ati o n)  
r m  is m o m e nt ar m l e n gt h 
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Fi g. 1  Distri b uti o n of m us cl e f u n cti o n al gr o u p  p h ysi ol o gi c al cr os s -s e cti o n al ar e a ( P C S A) 

t o  t ot al  hi n dli m b  P C S A  i n B.  v ari e g at us . T ot al  hi n dli m b  P C S A  w as  c al c ul at e d  as  t h e 

s u m m e d P C S A of all hi n dli m b m us cl es st u di e d ( n = 4 6 ) fr o m N = 7 i n di vi d u als. Pr o xi m al -

t o-dist al m us cl e gr o u p P C S A is e x pr es s e d as a p er c e nt a g e, wit h b ar s  r e pr es e nti n g m e a ns 

f or  e a c h  f u n cti o n al  gr o u p  a n d er r or  b ar s  t h e  s. d.  (st a n d ar d  d e vi ati o n).  M us cl es  wit h 

s y n er gisti c pri m ar y a cti o ns ar e c o m bi n e d i n a f u n cti o n al gr o u p. M us cl es wit h s e c o n d ar y 

a cti o ns ar e i n cl u d e d i n m or e t h a n o n e f u n cti o n al gr o u p as ar e bi -arti c ul ar m us cl es . 

  



0. 0

5. 0

1 0. 0

1 5. 0

2 0. 0

2 5. 0

3 0. 0

3 5. 0

F e m or al
R ot ati o n/

St a bili z ati o n

Hi p
Fl e xi o n

Hi p
E xt e n si o n

Li m b
A b d u cti o n

Li m b
A d d u cti o n

K n e e
Fl e xi o n

K n e e
E xt e n si o n

A n kl e
Fl e xi o n

A n kl e
E xt e n si o n

Di git al
Fl e xi o n

Di git al
E xt e n si o n

Pr o n at i o n S u pi n a ti o n

T
ot

al
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n

dl
i

m
b 

P
C

S
A 
(

%)
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Fi g. 2  F u n cti o n al s p a c e pl ots f or m us cl es wit h l ar g e r el ati v e p o w er, j oi nt t or q u e, a n d j oi nt 

r ot ati o n al v el o cit y i n t h e hi n dli m b of B. v ari e g at us . A.  N or m ali z e d P C S A as a f u n cti o n of 

n or m ali z e d f as ci cl e l e n gt h ( L F ). P C S A is n or m ali z e d t o b o d y m as s ( B M) 0. 6 7 a n d f as ci cl e 

l e n gt h t o ( B M)0. 3 3 . B.  N or m ali z e d P C S A as a f u n cti o n of n or m ali z e d m us cl e m o m e nt ar m  

(r m ). M e as ur e m e nts f or r m  ar e n or m ali z e d t o b o d y m as s ( B M) 0. 3 3 . C.  N or m ali z e d L F  as a 

f u n cti o n  of  n or m ali z e d r m .  D at a p oi nts  ar e  m e a ns  s h o w n  wit h  n o er r or  b ar s . S el e ct e d 

m us cl es ar e l a b el e d i n e a c h p a n el. M us cl es t h at pr o d u c e l ar g e f or c e (l ar g e P C S A) a n d ar e 

c a p a bl e  of  l ar g e  e x c ursi o n  a n d  s h ort e ni n g  v el o cit y  (l o n g  L F )  h a v e  t h e  c a p a cit y  f or  hi g h 

p o w er  o ut p ut  ( u p p er  ri g ht  q u a dr a nt  i n A );  b ot h  l ar g e  P C S A  a n d  l o n g r m ar e  m us cl es 

c a p a bl e of a p pl yi n g l ar g e j oi nt t or q u e ( u p p er ri g ht q u a dr a nt i n B ); b ot h l o n g LF  a n d s h ort 

r m ar e  m us cl es  c a p a bl e  of  f ast  j oi nt  r ot ati o n al  v el o cit y  ( u p p er  l eft  q u a dr a nt  i n C ). T h e 

‘t or q u e  r a n g e m o difi e d’  ar e a  is  d efi n e d  as  m us cl es  wit h  r el ati v el y  l o n g L F,  a n d r m . 

G e n er ali z e d m us cl es h a v e r el ati v el y s m all P C S A a n d b ot h s h ort f as ci cl e a n d m o m e nt ar m 

l e n gt hs. R e d d at a p oi nts ar e m us cl e c a p a bl e of hi g h p o w er; bl u e p oi nts l ar g e f or c e; gr e e n 

p oi nts e x c ursi o n/ v el o cit y. M us cl e a b br e vi ati o ns ar e d efi n e d i n T a bl e 1.  
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Fi g 3 Ar c hit e ct ur al i n d e x of  f as ci cl e l e n gt h (L F ) t o m us cl e l e n gt h ( M L) f or m us cl es i n t h e 

hi n dli m b  of  B.  v ari e g at us .  S o m e  m us cl es  ar e  m e a s ur e m e nts  fr o m  a  si n gl e  i n di vi d u al, 

ot h er wis e b ar s  ar e  m e a ns ±s. d.  ( N = 7)  a n d  ar e  c ol or -c o d e d  b y  li m b  r e gi o n.  Hi g h  m e a n 

r ati os ( > 0. 6– 0. 7) i n di c at e s u bst a nti al  s h ort e ni n g  c a p a bilit y  a n d  v el o cit y  of  c o ntr a cti o n. 

M us cl e a b br e vi ati o ns ( as d efi n e d i n T a bl e 1 ): I L P S, ili o ps o as; P M N, ps o as mi n or; T F L, 

t e ns or  f as ci a  l at a e;  G L S,  gl ut eus  s u p erfi ci alis;  G L M,  gl ut e us  m e di us;  G L P,  gl ut e us 

pr of u n d us; P F M, pirif or mis;  G E M -S, s u p eri or g e m ell us;  G E M -I,  i nf eri or g e m ell us; Q F, 

q u a dr at us f e m oris; O E, o bt ur at or e xt er n us; OI, o bt ur at or i nt er n us; S R T, s art ori us; G R C, 

gr a cilis;  P C T,  p e cti n e us;  A D D B, a d d u ct or  br e vis;  A D D L,  a d d u ct or  l o n g us;  A D D M, 

a d d u ct or m a g n us; S T, s e mit e n di n os us; S M, s e mi m e m br a n os us; B F L, bi c e ps f e m oris l o n g 

h e a d;  B F S,  bi c e ps  f e m oris  s h ort  h e a d;  R F,  r e ct us  f e m oris;  VI,  v ast us  i nt er m e di us;  V L, 

v ast us  l at er alis;  V M,  v ast us  m e di us;  M G, m e di al  g astr o c n e mi us;  L G,  l at er al 

g astr o c n e mi us;  S O L,  s ol e us;  P O P,  p o plit e us;  F D S,  fl e x or  di git or u m  s u p erfi ci alis;  F D P, 

fl e x or  di git or u m  pr of u n d us;  T C D,  ti bi alis  c a u d alis;  F L,  fi b ul aris  l o n g us;  F B,  fi b ul aris 

br e vis; F Q, fi b ul aris q u art us; E D L O, e xt e ns or di git or u m l o n g us; T C N -t, ti bi alis cr a ni alis 

ti bi al h e a d; T C N-ft, ti bi alis cr a ni alis fi b ul ar et ti bi al h e a d; T C N-f, ti bi alis cr a ni alis fi b ul ar 

h e a d; Q P, q u a dr at us pl a nt a e; E D B, e xt e ns or di git or u m br e vis.  
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Fi g  4 Ar c hit e ct ur al  i n d e x  of  p h ysi ol o gi c al  cr os s -s e cti o n al  ar e a  ( P C S A)  t o  m us cl e  m as s 

( M M)  f or  m us cl es  i n  t h e  hi n dli m b  of B.  v ari e g at u s .  S o m e  m us cl es  ar e  m e as ur e m e nts 

fr o m  a  si n gl e  i n di vi d u al,  ot h er wis e b ar s  ar e  m e a ns ±s. d.  ( N = 7)  a n d  ar e  c ol or -c o d e d  b y 

li m b r e gi o n. Hi g h m e a n r ati os ( > 0. 5) i n di c at e l ar g e f or c e pr o d u cti o n c a p a bilit y ( p er u nit 

m as s). M us cl e a b br e vi ati o ns ar e d efi n e d i n T a bl e 1 a n d ar e t h e s a m e us e d i n Fi g ur e 3.  

  



0. 0

0. 1

0. 2

0. 3

0. 4

0. 5

0. 6

0. 7

0. 8

I
L

P
S

P
M

N

T
F
L

G
L

S

G
L

M

G
L

P

P
F

M

G
E

M-
S

G
E

M-
I

Q
F

O
E OI

S
R
T

G
R

C

P
C
T

A
D

D
B

A
D

D
L

A
D

D
M

S
T

S
M

B
F
L

B
F

S

R
F VI V
L

V
M

M
G L
G

S
OL

P
O
P

F
D

S

F
D

P

T
C

D

F
L

F
B

F
Q

E
D
L

O

T
C

N-
t

T
C

N-
ft

T
C

N-
f

Q
P

E
D

B

P
C

S
A/

M
M 

R
at

i
o

Hi p

L e g

F o ot

T hi g h

4 7



 
 

4 8  

Fi g  5 Ar c hit e ct ur al  i n d e x  of  f as ci cl e  l e n gt h  (L F )  t o  m us cl e  m o m e nt  ar m  l e n gt h  (r m )  f or 

s el e ct e d m us cl es i n t h e hi n dli m b of  B. v ari e g at us . S o m e m us cl es ar e m e as ur e m e nts fr o m 

a  si n gl e  i n di vi d u al,  ot h er wis e b ar s  ar e  m e a ns ±s. d.  ( N = 6)  a n d  ar e  c ol or -c o d e d  b y  li m b 

r e gi o n.  M e a n  r ati os  gr e at er  t h a n  2– 3  ( d as h e d  li n e)  i n di c at es  a n  a bilit y  f or  m us cl e 

c o ntr a cti o n  t o m o v e t h e j oi nt t hr o u g h a l ar g e r a n g e of m oti o n. D esi g n ati o ns of H ( hi p), K 

( k n e e), a n d A ( a n kl e) f or bi-arti c ul ar m us cl es a cti n g at t h e hi p j oi nt, k n e e j oi nt, a n d a n kl e 

j oi nt, r es p e cti v el y. Ot h er wis e, m us cl e a b br e vi ati o ns ( as d efi n e d i n T a bl e 1) m at c h t h os e 

i n  Fi gs.  3  a n d  4: I L P S,  ili o ps o as;  T F L,  t e ns or  f as ci a  l at a e;  G L S,  gl ut e us  s u p erfi ci alis; 

G L M, gl ut e us m e di us; G L P, gl ut e us pr of u n d us; P F M, pirif or mis; Q F, q u a dr at us f e m oris; 

S R T, s art ori us; G R C, gr a cilis; P C T, p e cti n e us; A D D B, a d d u ct or br e vis; A D D L, a d d u ct or 

l o n g us;  A D D M,  a d d u ct or  m a g n us;  S T,  s e mit e n di n os us;  S M,  s e mi m e m br a n os us;  B F L, 

bi c e ps f e m oris l o n g h e a d; B F S, bi c e ps f e m oris s h ort h e a d; R F, r e ct us f e m oris; VI, v ast us 

i nt er m e di us;  V L,  v ast us  l at er alis;  V M,  v ast us  m e di us;  M G,  m e di al  g astr o c n e mi us;  L G, 

l at er al g astr o c n e mi us; S O L, s ol e us; P O P, p o plit e us; F D S, fl e x or di git or u m s u p erfi ci alis; 

F D P,  fl e x or  di git or u m  pr of u n d us;  T C D,  ti bi alis  c a u d alis;  F L,  fi b ul aris  l o n g us;  F B, 

fi b ul aris br e vis; F Q, fi b ul aris q u art us; E D L O, e xt e n s or di git or u m l o n g us; T C N -t, ti bi alis 

cr a ni alis  ti bi al  h e a d;  T C N -ft,  ti bi alis  cr a ni alis  fi b ul ar  et  ti bi al  h e a d;  T C N -f,  ti bi alis 

cr a ni alis fi b ul ar h e a d; Q P, q u a dr at us pl a nt a e.  
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Fi g.  6 St atisti c al  c o m p aris o ns  of  a v er a g e  M M  ( A ), r m  (B ),  LF  (C ),  a n d  t ot al  P C S A  (D ) 

a cr os s f u n cti o n al gr o u ps a n d  j oi nts i n t h e hi n dli m b  of B.  v ari e g at us .  Fl e x ors at t h e hi p, 

k n e e a n d a n kl e j oi nts ar e s h o w n as s oli d b ar s , w h er e as t h e e xt e ns ors ar e s h o w n as o p e n  

b ar s .  T h e  f u n cti o n al  gr o u ps  i n cl u d e  hi p  fl e x ors  (N = 7  m us cl es),  hi p  e xt e ns ors (N = 6), 

k n e e  fl e x ors  ( N = 1 0),  k n e e  e xt e ns ors  ( N = 4),  a n kl e  fl e x ors  ( N = 5)  a n d  a n kl e  e xt e ns ors 

(N = 5). Arr o w s i n di c at e diff er e n c es b et w e e n/ wit hi n fl e x or a n d e xt e ns or m us cl e gr o u ps at 

e a c h j oi nt; o n e ast eris k p < 0. 0 5; t w o ast eris ks p < 0. 0 1; t hr e e ast eris ks p < 0. 0 0 1.    
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A P P E N DI X  

E v ol uti o n a n d S p e ci ati o n  

X e n art hr a  is  a  s u p er or d er  of  m a m m als  e n d e mi c  t o  t h e  m o d er n -d a y  c o nti n e nt  of  S o ut h 

A m eri c a.  It  c o nsists  of  t h e  or d ers  Ci n g ul at a  ( Ar m a dill os)  a n d  Pil os a  ( Sl ot hs  a n d 

A nt e at ers)  ( G ar d n er,  2 0 0 8).  T h e  or d er  Pil os a  s plit  n e arl y  4 0  milli o n  y e ars  a g o  i nt o  t h e 

s u b or d ers  F oli v or a  ( Tr e e  Sl ot hs)  a n d  V er mili n g u a  ( A nt e at ers)  ( G ar d n er,  2 0 0 5).  T h e 

F oli v or a  is  f urt h er  br a n c h e d  i nt o  t w o  cl a d es  c o m p os e d  of  t h e  m o d er n  f a mili es  of  ‘tr e e 

sl ot hs,’ M e g al o n y c hi d a e (t w o -t o e d sl ot hs) a n d Br a d y p o di d a e (t hr e e-t o e d sl ot hs) ( G a u di n, 

2 0 0 4).  T h er e  ar e  t w o  e xt a nt  s p e ci es  of  t w o -t o e d  sl ot hs  ( G e n us:  C h ol o e p us): C h ol o e p us 

di d a ct yl us ,  or  t h e  Li n n a e us’s  t w o-t o e d  sl ot h, a n d C h ol o e p us  h off m a n nii ,  or  H off m a n n’s 

t w o-t o e d  sl ot h,  w h er e as  t h er e  ar e  f o ur  e xt a nt  s p e ci es  of  t hr e e-t o e d  sl ot hs  ( G e n us: 

Br a d y p us). T h es e i n cl u d e t h e p y g m y t hr e e -t o e d sl ot h (Br a d y p us p y g m a e us ), m a n e d t hr e e-

t o e d  sl ot h  (Br a d y p us  t or q u at us ),  p al e-t hr o at e d  thr e e -t o e d  sl ot h  (Br a d y p us  tri d a ct yl us ), 

a n d br o w n -t hr o at e d t hr e e-t o e d sl ot h (Br a d y p us v ari e g at us ). 

     U n d erst a n di n g of sl ot h p h yl o g e n y h as r e c e ntl y b e e n –  a n d c o nti n u es t o b e –  r e vis e d b y 

a s eri es of m ol e c ul ar st u di es, b as e d o n c oll a g e n a n d mit o c h o n dri al  D N A s e q u e n c es ( e. g., 

Pr es sl e e  et  al.,  2 0 1 9).  T h es e  i n v esti g ati o ns  c o nsist e ntl y  pl a c e  t h e  r el ati o ns hi p  of  e xt a nt 

t w o-t o e d  sl ot hs  cl os e  t o  t h e  e xti n ct  m yl o d o nts  a n d  m e g al o n y c hi ds.  H o w e v er,  t h e  t hr e e-

t o e d sl ot hs ar e pl a c e d wit hi n t h e or d er M e g at h eri oi d e a, t he e xti n ct li n a g e of gi a nt gr o u n d 

sl ot hs.  M e g at h eri oi ds  ( e. g., M e g at h eri u m  a m eri c a n u m )  o n c e  i n h a bit e d  t h e  C e ntr al 

A m eri c a  r e gi o ns  of  t h e  N ort h  A m eri c a n  C o nti n e nt  w h er e  m o d er n  tr e e  t hr e e -t o e d  sl ot hs 

ar e  p o p ul o us  t o d a y.  M or e o v er,  t h e  pr e d o mi n a nt  fi n di n gs  of  t h e  g e n o mi c  st u di es,  i n 

a d diti o n  t o  m ulti pl e  m or p h ol o gi c al  a n al ys es  i n  x e n art hr a ns  (s e e  b el o w),  pr o vi d e  str o n g 

s u p p ort f or t h e h y p ot h esis t h at ar b or e alit y ar os e s e p ar at el y i n t h e t w o g e n er a of m o d er n 

tr e e  sl ot hs  vi a  t h e  pr o c es s  of  c o n v er g e n c e  ( Pr es sl e e  et  al.,  2 0 1 9).  T h er ef or e, C h ol o e p us  

a n d Br a d y p us  ar e  v er y  dist a nt  r el ati v es  a n d  e v ol v e d  t h eir  s us p e ns or y  b e h a vi ors 

i n d e p e n d e ntl y,  m a ki n g  t h es e  u n us u al  m a m m als  o n e  of  t h e  m ost  r e m ar k a bl e  k n o w n 

e x a m pl es of c o n v er g e nt e v ol uti o n ( N y a k at ur a, 2 0 1 2).  

     X e n art hr a ns  s h ar e a n u m b er of disti n ct m or p h ol o gi c al tr aits: 1. tr a ns v ers e pr o c es s es of 

a nt eri or c a u d al v ert e br a e ar e f us e d t o t h e p el vis; 2. all s p e ci es h a v e x e n art hr o us or ‘ e xtr a’ 

z y g a p o p h ys e al j oi nts i n t h eir l u m b ar v ert e br at e i n or d er t o pr o vi d e e n h a n c e d st a bilit y t o 
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t h e tr u n k; 3. s c a p ul a c o nt ai ns a w ell-d e v el o p e d s e c o n d ar y s pi n e; a n d 4. p al ati n e v a c uiti es 

(i. e.,  a n  i n c o m pl et e  s e pt o-m a xill a)  m a y  b e  pr es e nt  i n  t h e  r o of  of  t h e  m o ut h.  A d diti o n al 

f e at ur es  t h at  x e n art hr a ns  m a y  s h ar e  i n cl u d e  r o b ust  s k el et o ns  ( e. g.,  ar m a dill os  a n d 

a nt e at ers: Vi z c aí n o et  al., 2 0 0 8; Vi z c aí n o, 2 0 0 9) a n d r u di m e nt ar y  t e et h ( e. g., ar m a dill os 

a n d sl ot hs), w h er e as t h e a nt e at ers l a c k t e et h i n t h eir j a w s i n f a v or of a s p e ci ali z e d t o n g u e 

f or f or a gi n g o n a nts a n d t er mit es ( G a u di n a n d M c D o n al d, 2 0 0 8; G a u di n a n d Cr oft, 2 0 1 5). 

M or e o v er,  i n cis ors  a n d  tr u e  c a ni n e  t e et h  of  e xt a nt  sl ot hs  ( e x c e pt C h ol o e p us )  ar e  a bs e nt 

( P uj os et al., 2 0 1 2). L ast, x e n art hr a ns as a n  e ntir e S u p er or d er ar e als o w ell k n o w n t o h a v e 

l o w er  b as al  m et a b olis m,  l o w er  b o d y  t e m p er at ur es,  a nd  sl o w er  di g esti o n  r at es  i n 

c o m p aris o n t o ot h er pl a c e nt al m a m m als ( S u n q uist a n d M o nt g o m er y, 1 9 7 3).  

E c ol o g y a n d P h ysi ol o g y  

E xt a nt  sl ot hs  ar e  f o u n d  i n  t h e  n e otr o pi c al  r ai nf or ests  of  C e ntr al  a n d  S o ut h  A m eri c a 

( Britt o n,  1 9 4 1).  T h e  s p e ci es C.  h off m a n ni  is  f o u nd  i n  t w o  disj u n ct  ar e as.  T h e  n ort h er n 

p o p ul ati o n r a n g es fr o m H o n d ur as a n d Ni c ar a g u a t o w est er n V e n e z u el a, a n d t h e s o ut h er n 

p o p ul ati o n r a n g es fr o m n ort h -c e ntr al P er u t hr o u g h s o ut h w est er n Br a zil t o c e ntr al B oli vi a 

( H a ys s e n, 2 0 1 1). T h e s p e ci es B. v ari e g at us  is distri b ut e d n ort h i n Ni c ar a g u a, H o n d ur as, 

E c u a d or, C ol o m bi a, V e n e z u el a, a n d  e xt e n ds f urt h er s o ut h t h a n C. h off m a n ni  i nt o Br a zil 

a n d  n ort h er n  Ar g e nti n a.  O n  a v er a g e,  C.  h off m a n ni  h as  a  l ar g er  h o m e  r a n g e  of  1. 9 7 

h e ct ar es  c o m p ar e d  t o  t h e  1. 5 9  h e ct ar es  f or B.  v ari e g at us  ( M o nt g o m er y  a n d  S u n q uist, 

1 9 7 5). T h es e distri b uti o ns d o o v erl a p c a usi n g s y m p atr y, pri m aril y i n t h e n ort h er n r e gi o ns 

( e. g., C e ntr al A m eri c a) of t h e g e o gr a p hi c r a n g e, b ut s p e ci es ar e dis p ar at el y s e p ar at e d  i n 

s o ut h er n r e gi o ns ( H a ys s e n, 2 0 1 0).   

     Sl ot hs  ar e  hi g h  c a n o p y  f oli v or es  w h os e  di ets  ar e  of  l o w  n utriti o n al  ( e n er g y)  v al u e, 

c o nsisti n g  pri m aril y  of  l e a v es  ( M o nt g o m er y,  1 9 8 3).  H o w e v er,  t h er e  ar e  diff er e n c es 

b et w e e n t h e di ets of b ot h g e n er a c orr el ati n g wit h t h e n ati v e v e g et ati o n wit hi n r e gi o ns of 

t h eir h o m e r a n g es. N ot a bl y, Br a d y p us  is r estri ct e d t o c o ns u m pti o n of l e a v es fr o m fift e e n 

s p e ci es  of  C e cr o pi a  tr e es  ( e. g.,  G a ur a m o),  w hil e C h ol o e p us  h as  a  m or e  di v ers e  di et, 

i n cl u di n g  b u ds,  fl o w ers,  fr uits,  a n d  t wi g  ti ps  fr o m  3 4  s p e ci es  of  C e cr o pi a  tr e es  

( M eritt, 1 9 8 5;  M o nt g o m er y,  1 9 8 3;  V a u g h n,  2 0 0 7).  Sl ot hs  d es c e n d  t h eir  h o m e  tr e es  a n 

a v er a g e  of  e v er y  4 – 8  d a ys  t o  d ef e c at e  ( V oiri n  et  al.  2 0 1 3).  H o w e v er,  sl ot hs  ar e  m ost 

v ul n er a bl e  b ei n g  o n  t h e  f or est  fl o or.  T his  is  b e c a u s e  a  v ari et y  of  c ar ni v or o us  a ni m als 
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in cl u di n g a n a c o n d as, m ar g a ys, o c el ots, a n d j a g u ars all h a v e a gr e at er o p p ort u nit y t o pr e y 

o n sl ot hs d uri n g, b ut n ot li mit e d t o t his p eri o d i n ti m e ( G arl a, et al., 2 0 0 1; T o u c ht o n et al., 

2 0 0 2). J u n gl e c ats s u c h as m ar g a ys a n d o c el ots ar e str o n g a n d c a p a bl e o f as c e n di n g tr e es 

t o  t h e  l e v el  of  t h e  c a n o p y,  w hil e  h a w ks  a n d  h ar p y  e a gl es  ( n ati v e  t o  t h e  n e otr o pi cs)  c a n 

d et e ct a pr e y sl ot h fr o m a p ositi o n a b o v e t h e e m er g e nt tr e e li n e.  

     Sl ot hs h a v e littl e a bilit y t o e v a d e pr e d at ors a n d ar e es s e nti all y d ef e ns el es s w h e n o n t h e 

f or est fl o or. I nt er esti n gl y,  a c o ntr ast i n tr e e d es c e nt is o bs er v e d b et w e e n C h ol o e p us  a n d 

Br a d y p us ,  a n d  t his  p att er n  of  m o v e m e nt  is  p ot e nti all y  d u e  t o  pr e d ati o n  a v oi d a n c e 

str at e gi es r el at e d t o b ot h t h eir m o bilit y a n d a str o n g er s e ns e of eit h er si g ht or s m ell. F or 

e x a m pl e, B. v ari e g at us  h as a t ail first d es c e nt, w hi c h m a y b e d u e t o its a bilit y t o r ot at e t h e 

h e a d 1 8 0 ° (t ot al r a n g e of m oti o n: 2 7 0º, s e e b el o w) i n or d er t o s c a n t h e s urr o u n di n g ar e a 

f or  a n y  pr e d at ors.  T h e  m o bilit y  of  t h e  h e a d  f urt h er r el at es  t o  a  r eli a n c e  o n  si g ht  i n 

Br a d y p us . Sl ot hs g e n er all y h a v e p o or e y esi g ht, b ut  it is s us p e ct e d t h at t hr e e-t o e d sl ot hs 

h a v e  b ett er  vis u al  a c uit y  t h a n  t w o -t o e d  sl ot hs  ( M e n d el  1 9 8 5 a).  O n  t h e  ot h er  h a n d, C. 

h off m a n ni  d es c e n ds  tr e es  h e a dfirst,  a n d  t his  c o ul d  b e  r el at e d  t o  its  r eli a n c e  o n  s e ns e  of 

s m ell  f or  t hr e at  d et e cti o n. C h ol o e p us  d e m o nstr at es  m or e  o v ert  ( a n d  t hr e at e ni n g) 

d ef e nsi v e b e h a vi or t h a n Br a d y p us , a n d t h es e i n cl u d e f or eli m b cl a w sl as hi n g, his si n g, a n d 

b ari n g t e et h. W hil e B. v ari e g at us  m a y tr y t o  t h w art a n a vi a n pr e d at or ( e. g., h ar p y e a gl e) 

i n t h e c a n o p y wit h s o m e sl as hi n g g est ur es, its m ai n pr e d at or y d ef e ns e str at e g y is st e alt h 

a n d/ or  c a m o ufl a g e  ( E n d ers  1 9 3 5;  M o nt g o m er y  a n d  S u n q uist,  1 9 7 8;  M e n d el,  1 9 8 5 a). 

W h e n  att a c k e d  b y  a  pr e d at or, Br a d y p us  cli n gs  str o n gl y  t o  t h e  s u bstr at e  or  m a y  tr y  t o 

gr as p o nt o t h e pr e d at or t o pi er c e its fl es h wit h t h eir l o n g, s h ar p f or e cl a w s.  

     Sl o w, d eli b er at e m o v e m e nt p att er ns ar e n ot o nl y li n k e d t o pr e d at or a v oi d a n c e, b ut als o 

r efl e ct  a n  e n er g y  p o or  di et.  Sl ot hs  h a v e a  l o w  d ail y  f o o d  i nt a k e  a n  a v er a g e  of  1 7 g  dr y 

w ei g ht p er d a y, w hi c h is r el at e d t o t h eir l o w m et a b oli c r at es ( Cliff e  et  al., 2 0 1 5, 2 0 1 8). 

F or  e x a m pl e, B.  v ari e g at us  h as  t h e  l o w est  r e c or d e d  fi el d  m et a b oli c  r at e  ( 1 6 2 

kJ/ d a y * k g ^ 0. 7 3 4) a m o n g n o n -hi b er n ati n g m a m m als ( P a uli et al., 2 0 1 6). Sl ot hs als o h a v e 

u n us u all y  l o w  b o d y  t e m p er at ur es  f or  pl a c e nt al  m a m m als,  a v er a gi n g  o nl y  3 2. 7 ° C  i n 

Br a d y p us  a n d  3 4. 5 ° C  i n C h ol o e p us  ( P a uli  et  al.,  2 0 1 6).  I n  a d diti o n,  a d ult B.  v ari e g at us  

h as  a  s m all er  b o d y  m as s  r a n g e  of  3. 2 – 6. 1  k g w hil e  t h at  f or C.  h off m a n ni  is  l ar g er, 

a v er a gi n g  7. 0 – 9. 0  k g  ( G e n o w a ys  a n d  Ti m m,  2 0 0 3;  Gill es pi e,  2 0 0 3),  a n d  diff er e n c es  i n 
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b o d y  si z e  c a n  b e  c orr el at e d  wit h  diff er e n c es  i n  b o d y  t e m p er at ur e  a n d  t h er m or e g ul at or y 

str at e gi es of sl ot hs. T h us, t h eir o v er all l o w b o d y t e m p er at ur es f urt h er i n di c at es t h at t h e y 

ar e  h et er ot h er mi c  a n d  m ust  e m pl o y  b e h a vi or al  t h er m or e g ul ati o n  t o  c o ns er v e  m et a b oli c 

e n er g y t o c o p e wit h d ail y  t e m p er at ur e fl u ct u ati o ns  a n d di ur n al v ers us n o ct ur n al  a cti vit y 

o bs er v e d i n diff er e nt s p e ci es of sl ot h s ( Cliff e et al., 2 0 1 8). T h e s p e ci es B. v ari e g at us, f or 

i nst a n c e, will e m pl o y s u n b as ki n g f or w ar mt h at o p t h e c a n o pi es d uri n g t h e e arl y m or ni n g 

h o urs, a n d t h e y d es c e n d i nt o t h e c a n o p y s h a d e as t h e t e m p er at ur e ris e t hr o u g h o ut t h e d a y 

( M o nt g o m er y a n d S u n q uist, 1 9 7 8). I n c o ntr ast, C. h off m a n ni  d o es n ot pr ef er t h e c a n o p y 

a n d  e m er g e nt  l e v els  of  r ai nf or est  v erti c al  str at a  a n d  m ai nl y  o c c u pi es  t h e  u n d erst or y  t o 

c a n o p y  l e v el  i n  t h e  tr e es  a n d  t e n ds  t o  b e  m or e  a cti v e  at  ni g ht  (s e e  b el o w)  w h e n 

t e m p er at ur es  ar e  c o ol er. H a vi n g  l ar g er  b o d y  m as s  m e a ns  t h at  t w o -t o e d  sl ot hs  h a v e  a 

s m all er  s urf a c e  ar e a  t o  v ol u m e  ( S A:  V)  r ati o  a n d  c a n  m or e  e asil y  r et ai n  b o d y  h e at  f or 

i nt er n al w ar mt h.  

     I n  a d diti o n,  diff er e nt  p att er ns  of  w a k ef ul n es s  ar e  o bs er v e d  a m o n g  s p e ci es  of  sl ot hs. 

Br a d y p us is  di ur n al  m e a ni n g  it  is  a cti v e  b ot h  d uri n g  d a y  a n d  ni g ht  b ut  s p e n ds  1 5– 1 8 

h o urs  a  d a y  r esti n g  a n d/ or  sl e e pi n g  ( S u n q uist  a n d  M o nt g o m er y,  1 9 7 3).  Als o, B. 

v ari e g at us  is r e p ort e d t o h a v e s e v er al m o d es of sl e e p/ w a k e c y cl es i n cl u di n g ( a) “ a w a k e-

e x pl ori n g ” w h er e  t h e  a ni m al  is  al ert,  m o vi n g  t h e  h e a d,  a n d  bli n ki n g  fr e q u e ntl y,  ( b) 

“ a w a k e -al ert ”  w h er e  t h e  h e a d  is  u p  a n d  e y es  o p e n,  bli n ki n g  o c c asi o n all y,  ( c)  “ a w a k e -

fi x ati n g ” w h er e t h e h e a d is u p a n d e y es o p e n, b ut t h e a ni m al s h o w s a t o ni c i m m o bilit y, 

( d)  “ b e h a vi or al  sl e e p ”  w h er e  t h e  a ni m al  sits  i n  a  r e cli n e d  p ositi o n  (i n  a  br a n c h  r e c es s -

el b o w) wit h its h e a d t u c k e d or s us p e n ds (i. e., h a n gs) b e n e at h a tr e e br a n c h wit h its h e a d 

d o w n  a n d  e y es  cl os e d  ( B arr att,  1 9 6 5).  I n  c o ntr ast, C.  h off m a n ni  is  pri m aril y  n o ct ur n al, 

b e i n g a cti v e ~ 1 1 h o urs d uri n g t h e ni g ht a n d sl e e pi n g b e n e at h t h e c a n o pi es of tr e es d uri n g 

t h e  d a y  ( M o nt g o m er y  et  al.,  1 9 7 3;  M o nt g o m er y  a n d  S u n q uist,  1 9 7 5).  T h e  a cti vit y 

p att er ns  of  b ot h  g e n er a  d e m o nstr at e  t h at  sl ot hs  ar e  n ot  hi g hl y  a cti v e  a ni m als,  t h er e b y 

r ei nf or ci n g  t h e s u p p ositi o n t h at  t h eir b e h a vi or, as w ell  as t h eir p h ysi ol o g y,  is c orr el at e d 

a n d m o difi e d i n e xtr e m e w a ys t o c o ns er v e m et a b oli c e n er g y ( Cliff e et al., 2 0 1 8).  

L o c o m oti o n a n d G ait P att e r n s  

Sl ot hs e v ol v e d a b el o w -br a n c h ( a nti -pr o n o gr a d e) m o d e of l o c o m oti o n  m a ki n g t h e m o n e 

of  a  f e w  t a x a  of  m a m m als  f or  w hi c h  s us p e ns or y  l o c o m oti o n  a n d  p ost ur e  is  n e arl y 
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o bli g at or y. A v er a g e v el o cit y f or s us p e ns or y w al ki n g i n sl ot hs w as ori gi n all y r e p ort e d t o 

b e  ~ 0. 1 4  ms -1  ( Britt o n  a n d  At ki ns o n,  1 9 3 8).  A  r e c e nt  st u d y  (G or v et  et  al.,  2 0 2 0)  f o u n d 

t h at B. v ari e g at us  m o v es e v e n sl o w er ( 0. 0 7 ms -1 ) b e n e at h a b e a m w h e n all o w e d t o fr e el y 

c h o os e t h eir pr ef err e d s p e e d, w h er e as v el o citi es i n C. di d a ct yl us  h a v e b e e n r e p ort e d t o b e 

c o nsi d er a bl y  gr e at er  t h a n  t h es e  a v er a g es  i n  st u di es  usi n g  tr e a d p ol es  f or  st e a d y -st at e 

m e as ur e m e nts  ( N y a k at ur a  et  al.,  2 0 1 0).  D es pit e  diff er e n c es  i n  a bs ol ut e  s p e e ds,  b ot h 

s p e ci es  e x hi bit  a  l at er al  s e q u e n c e  di a g o n al -c o u pl et  ( L S D C)  g ait  ( C art mill  et  al.,  2 0 0 2; 

U s h er w o o d  a n d  D a vi es,  2 0 1 7)  d uri n g  s us p e ns or y  w al ki n g  b ut  us e  a  di a g o n al  s e q u e n c e 

g ait  wit h  n e ar  di a g o n al  c o u pl ets  d uri n g  v erti c al  cli m bi n g.  T h es e  p att er ns  w er e  m ost 

d efi nit el y  d et er mi n e d  b y  t h e  r e c e nt  w or k  of  G or v et  et  al.  ( 2 0 2 0).  Bri efl y,  a  di a g o n al -

s e q u e n c e  g ait  is  d efi n e d  b y  c o ns e c uti v e  f o otf alls  ( or  gri ps  o nt o  a  s u bstr at e)  of 

c o ntr al at er al f or e - a n d hi n dli m b p airs ( M u y bri d g e, 1 8 8 7; Hil d e br a n d, 1 9 8 5). A di a g o n al 

c o u pl et is s p e cifi c all y a p att er n of f o otf alls w h er e b y c o ntr al at er al p airs of f e et (f or e - a n d 

hi n df e et) c o nt a ct t h e s u bstr at e si m ult a n e o usl y ( Hil d e br a n d, 1 9 8 5; M e n d el, 1 9 8 5 a).  

     Di a g o n al -s e q u e n c e  g aits  ar e  m ost  oft e n  e m pl o y e d  b y  m a m m als  ( e. g.,  pri m at es)  t h at 

us e  a b o v e  br a n c h  ( pr o n o gr a d e)  l o c o m oti o n  f or  st a bilit y  o n  ar b or e al  s u bstr at es.  T h e 

di a g o n al p att er n of f o otf alls pr e v e nts r olli n g off ( vi a a l ar g e r olli n g  t or q u e) of br a n c h es 

t h at w o ul d ot h er wis e o c c ur b y b e ari n g t h e m aj orit y of w ei g ht o n o n e si d e of t h e b o d y as 

d uri n g a l at er al s e q u e n c e g ait. Alt h o u g h sl ot hs c a n  p erf or m b ot h ar b or e al a n d  t err estri al 

l o c o m oti o n ( a ki n t o a cr a wl), t h e y d o n ot d e m o nstr at e a r u n ni n g g ait d uri n g eit h er m o d e 

of  tr a ns p ort  ( M e n d el,  1 9 8 1 a,  1 9 8 5).  M or e o v er,  w h er e as  br a c hi ati n g  pri m at es  ( e. g., 

gi b b o ns  a n d  si a m a n gs)  us e  t o  p e n d ul ar  m e c h a ni cs  vi a  ar m  s wi n gi n g  t o  l o c o m ot e  a n d 

r e d u c e  m et a b oli c  c ost  ( B ertr a m  a n d  C h a n g, 2 0 0 1),  s u c h  m e c h a ni cs  ar e  n ot  a v ail a bl e  t o 

sl ot hs.  I n  c o ntr ast,  sl ot hs  m ust  m o v e  i n  a  m a n n er  t h at  mi ni mi z es  fl u ct u ati o ns  of  t h e 

d y n a mi c f or c es e x ert e d o n t h e s u p p ort ( N y a k at ur a a n d A n dr a d a, 2 0 1 3) s o as n ot t o m a k e 

t h e  s u p p ort  u nst a bl e  or  os cill at e,  t h er e b y n ot  cr e ati n g  w ast e d  eff ort  w h e n  w al ki n g  b ut 

t h e y c a n n ot s wi n g of t a k e a d v a nt a g e of p e n d ul u m-li k e e n er g y e x c h a n g es.  

     A n ot h er i m p ort a nt disti n cti o n b et w e e n pr o n o gr a d e v ers us a nti -pr o n o gr a d e l o c o m oti o n 

is  t h at  j oi nt  t or q u es  i n  u pri g ht  q u a dr u p e ds  r efl e ct t h e  n e e d  t o  c o u nt er a ct  gr a vit ati o n al 

i n d u c e d  fl e xi o n  of  t h e  li m b  (i. e.,  li m b  l o a di n g).  T h us,  t h e  li m b  e xt e ns or  m us cl es  of 

pr o n o gr a d e ar b or e al  m a m m als h a v e  a n a nti -gr a vit y  r ol e t o pr e v e nt li m b c oll a ps e d uri n g 
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w ei g ht b e ari n g ( C o h e n a n d G a ns 1 9 7 5; J e n ki ns a n d W eijst o u c h, 1 9 7 9). H o w e v er, si n c e 

l o c o m oti o n  a n d  p ost ur e  i n  sl ot hs  is  of  t h e  i n v ers e  ori e nt ati o n,  gr a vit ati o n al  i n d u c e d 

e xt e ns or t or q u es at t h e li m b j oi nts m ust b e c o ntr oll e d b y li m b fl e x or m us cl es ( F uji w ar a et 

al.,  2 0 1 1).  A n  a nti -gr a vit y  r ol e  i n  t h e  el b o w  of  s u s p e ns or y  m a m m als  h as  i n d e e d  b e e n 

e x p eri m e nt all y  s h o w n  (s e e  b el o w)  f or  br a c hi ati n g  pri m at es  a n d  i n  l orisi ds  t h at  us e 

s us p e ns or y  l o c o m oti o n  as  w ell  as  sl o w,  i nt er mitt e nt  m o v e m e nt  p att er ns  (J u n g ers  a n d 

St er n  1 9 8 0,  1 9 8 1;  J o uffr o y  a n d  St er n,  1 9 9 0).  T h e sl o w  a n d  d eli b er at e  l o c o m oti o n  of 

sl ot hs ( e. g., 0. 0 7 ms -1 : G or v et et al., 2 0 2 0; 0. 0 2 – 0. 4 7 ms -1 : N y a k at ur a et al., 2 0 1 0; 0. 0 4–

0. 1 9 ms -1 : Gr a n at os k y et al., 2 0 1 8) is e m p h asi z e d w h e n c o m p ar e d wit h hi g h er s p e e ds of 

a gil e  pri m at es  t h at  e m pl o y  f a c ult ati v e  s us p e n s or y  l o c o m oti o n,  b ut  pri m aril y  l o c o m ot e 

a b o v e  br a n c h,  i n cl u di n g  t h e  gr e y  m o us e  l e m ur  ( 0. 3 9 – 0. 8 9  ms -1 )  a n d  s q uirr el  m o n k e y 

( 0. 3 9– 1. 0 0  ms -1 )  ( S c h mid t,  2 0 0 8),  as  w ell  as  t h e  sl o w  l oris  ( 0. 7 3  ms-1 ;  S c h mitt  a n d 

L e m eli n, 2 0 0 4).  

F u n cti o n al M o r p h ol o g y, M y ol o g y, a n d M u s cl e P h ysi ol o g y  

Sl ot hs  h a v e  n ot a bl y  r e d u c e d  s k el et al  m us cl e  m as s  f or  m a m m als.  T h e  s k el et al  m us cl e 

m as s  of  sl ot hs  c o m pris es  o nl y  2 3. 6 %  of  t ot al  b o d y  m as s  f or B.  v ari e g at us  a n d  2 6. 2 –

2 7. 4 % f or C. h off m a n ni  ( Gr a n d, 1 9 7 8). F or c o m p ari s o n, ot h er ar b or e al m a m m als h a v e a n 

a v er a g e  s k el et al  m us cl e  m as s  of  ~ 3 3 %  t h eir  t ot al  b o d y  m as s  ( M u c hli ns ki  et  al.,  2 0 1 2). 

T h es e d at a i n di c at e t h at a r e d u cti o n i n m us cl e m as s is r e pr es e nt ati v e of a n a d a pt ati o n f or 

ar b or e al lif est yl e. Ot h er m or p h ol o gi c al f e at ur es ar e s o m e w h at u ni q u e ( a m o n g m a m m als) 

t o  sl ot h  f or m  a n d  i n cl u d e  m o difi c ati o ns  t o  t h e  n e c k  a n d  p e ct or al  gir dl e  as  w ell  as  t h eir 

f e et.  F or  e x a m pl e, B.  v ari e g at us  n ot a bl y  h as  8 -9  c er vi c al  v ert e br a e,  all o wi n g  f or 

e x a g g er at e d  r ot ati o n  of  t h e  h e a d  u p  t o  1 8 0 °  (i n  a  cr a ni al -c a u d al ori e nt ati o n),  h e n c e  t h e 

a bilit y  t o  l o o k  f or w ar d  w hil e  s us p e n d e d  b el o w -br a n c h  ( M e n d el,  1 9 8 5 a). C h ol o e p us ,  o n 

t h e ot h er h a n d, h as o nl y 5-6 c er vi c al v ert e br a e, w hi c h li mits t h e r ot ati o n of t h e h e a d/ n e c k, 

a n d pl a c es m or e e m p h asis o n h y p er e xt e nsi o n of t h e n e c k as t h e f u n cti o n al m oti o n w hil e 

i n  a  s us p e ns or y  p ost ur e.  W h er e as  t h e  u n us u al  n u m b er  of  c er vi c al  v ert e br a e  is  a  m ai n 

e x a m pl e  of  t h e  disti n ct  m or p h ol o g y  i n  sl ot hs,  it  i s  als o  o n e  of  pr o mi n e nt  diff er e n c es 

b et w e e n t w o -t o e d a n d t hr e e-t o e d f or ms. A d diti o n all y, B.  v ari e g at us  h as f or eli m bs t h at ar e 

l o n g er t h a n t h eir hi n dli m bs a n d h as a r e d u c e d t ail. I n c o ntr ast, C. h off m a n ni  h as f or e a n d 

hi n dli m bs  t h at  ar e  el o n g at e  a n d  of  e q u al  l e n gt h  a n d  it  l a c ks  a  t ail  ( Britt o n,  1 9 4 1).  T h e 
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diff er e n c es  i n  li m b  l e n gt h  ar e  f urt h er  e v i d e n c e  t h at  i n di c at es  t h e  e c ol o gi c al  pr ef er e n c es 

a m o n g s p e ci es. I n t his c as e, C. h off m a n ni  pr ef ers a s u p p ort t h at is p ar all el t o t h e gr o u n d, 

a n d  alt h o u g h C h ol o e p us  s p e n ds  m or e  ti m e  i n  s us p e nsi o n  t h a n Br a d y p us ,  b ot h  g e n er a 

i n d e p e n d e ntl y e v ol v e d a s uit e of ad a pt ati o ns t h at all o w f or t h eir ar b or e al a n d s us p e ns ori al 

lif est yl e. 

     T h e  str u ct ur al  r e q uir e m e nts  f or  s us p e nsi o n  i n v ol v e  t h os e  of  a  t e nsil e  li m b  s yst e m. 

Sl ot hs h a v e m o difi e d p el vi c a n d p e ct or al gir dl es wit h hi p/s h o ul d er j oi nts t h at ar e a bl e t o 

s u p p ort t h eir li m bs l o a d e d i n t e nsi o n r at h er t h a n i n c o m pr es si o n. I n or d er f or t h e p e ct or al 

gir dl e  t o  effi ci e ntl y  r ot at e  fr o m  a  d ors al  t o  m or e  l at er al  p ositi o n,  t h e  s c a p ul a e  of  b ot h 

g e n er a  ar e r e d u c e d i n si z e, a n d t h e t h or a x is r e d u c e d cr a ni all y a n d h as a cir c ul ar  cr os s -

s e cti o n. I n a d diti o n, sl ot hs h a v e a li g a m e nt of fi br o u s c o n n e cti v e tis s u e t h at c o n n e cts t h e 

cl a vi cl e  t o  t h e  st er n u m,  w hi c h  p er mits  gr e at er  d e gr e es  of  fr e e d o m  f or  r ot ati o n  at  t h e 

st er n o cl a vi c ul ar  arti c ul ati o n  ( N y a k at ur a  a n d  Fis c h er,  2 0 1 0).  E vi d e n c e  s u g g ests  t h at  t h e 

gr e at est t or q u e ( or m o m e nt) o c c urs at t h e t h or a c o -s c a p ul ar arti c ul ati o n a n d s h o ul d er j oi nt 

w h e n  t h e  f or eli m b  t o u c h es  d o w n  d uri n g  s us p e ns or y  w al ki n g  wit h  t h e  m o m e nt  r e a c hi n g 

n e arl y  1 N m/ k g  i n  m a g nit u d e.  T h er ef or e,  t h e  c e nt er -of -m as s  ( C o M)  d o es  n ot  a c c el er at e, 

w hi c h all o w s t h e m o v e m e nt t o b e sl o w, c o ntr oll e d a n d t h e C o M is tr a nsl at e d f or w ar d i n a 

u nif or m  m a n n er  ( N y a k at ur a  a n d  A n dr a d a,  2 0 1 3).  T h e  f or eli m b  fl e x or  m us cl es  of  sl ot hs 

m ust t h e n pr o vi d e s u p p ort of t h eir b o d y w ei g ht at t h e di git al/ c ar p al, el b o w, a n d s h o ul d er 

j oi nts  b y  s o m e  c o m bi n ati o n  of  a cti v e  a n d/ or  p as si v e  m e a ns  ( vi a  t e nsil e  l o a di n g)  m u c h 

li k e  t h at  o bs er v e d  i n  pri m at es  wit h  s us p e ns or y  h a bits  ( Gr a n at os k y  et  al.,  2 0 1 8).  W hil e 

t e nsil e  l o a di n g  of  dist al  fl e x or  t e n d o ns  a n d  t h eir  m us cl e-te n d o n  u nits  ( M T U)  wit h 

a d e q u at e  stiff n es s  c o ul d  b e  a  m aj or  m e a ns  of  b o d y  w ei g ht  s u p p ort  ( M e n d el  1 9 8 1 a,  b; 

M e n d el,  1 9 8 5),  a cti v ati o n  of  str o n g  el b o w  fl e x ors  i n  sl ot h  f or eli m bs  li k el y  miti g at es 

l e v els of li m b f or c e ( Gr a n at os k y et al., 2 0 1 8;  G or v et et al., 2 02 0), es p e ci all y l o a di n g of 

t h e hi g hl y m o bil e s h o ul d er j oi nts i n sl ot hs. O v er all, f u n cti o n of t h eir t e nsil e li m b s yst e m 

(s e e  b el o w)  is  e x p e ct e d  t o  r e d u c e  m us c ul ar  r e cr uit m e nt  (i. e.,  v ol u m e  of  a cti v e  m us cl e) 

d uri n g  p ost ur al  s us p e nsi o n  ( G or v et  et  al.,  2 0 2 0)  a s  pr e vi o usl y  s u g g est e d  i n  ar b or e al 

pri m at es ( Pr e us c h oft a n d D e m es, 1 9 8 4).  

     All sl ot hs h a v e hi g hl y m o difi e d f e et. R e g ar dl es s of t h e n u m b er of di gits r e m ai ni n g o n 

t h eir f or ef e et, all sl ot hs h a v e t hr e e di gits o n t h eir hi n df e et. T h e s p e ci es B. v ari e g at us  h as 
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t hr e e  f u n cti o n al  di gits  o n  t h e  f or ef e et  t h at  ar e  p arti all y  f us e d –  di gits  II,  III,  a n d  I V.  I n 

g e n er al, Br a d y p us  (s p.)  h a v e  v esti gi al  m et a c ar p als  I  a n d  V,  w hi c h  r e m ai n  as  s pli nt -li k e 

b o n e a p p e n d a g es. T hr e e -t o e d sl ot hs als o h a v e l o n g cl a w s at t h e e n d of th eir c ur v e d dist al 

p h al a n g es  a n d  h a v e  v ol ar  p a ds  t h at  ar e  c o v er e d  wit h  f ur.  U nli k e  t hr e e -t o e d  sl ot hs, 

C h ol o e p us  (s p.) h as t w o f u n cti o n di gits o n t h eir f or ef e et –  di gits II a n d III. M et a c ar p als I 

a n d  I V  ar e  v esti gi al  a n d  s pli nt -li k e  i n  t h e  t w o-t o e d  sl ot h  c on diti o n,  wit h  di git  V  b ei n g 

a bs e nt. T h e s p e ci es C. h off m a n ni  als o h as l o n g, r e c ur v e d cl a w s o n t h eir di gits, b ut t h eir 

v ol ar  p a ds  ar e  h airl es s  a n d  h a v e  t hi c k,  l e at h er y  s ki n.  T h e  cl a w s  of  b ot h  g e n er a  a ct  as 

h o o k -li k e  pr oj e cti o ns  w hi c h  h el p  t h e m  t o  p erf or m  t heir  s us p e ns or y  l o c o m oti o n  a n d 

p ost ur e  ( M e n d el,  1 9 8 1 a,  b).  M or e o v er,  d e p e n di n g  o n  t h e  di a m et er  of  t h e  ar b or e al 

s u bstr at e, C h ol o e p us  m a y  gri p  t h e  s u p p ort  m ai nl y  wit h  its  cl a w s  v ers us Br a d y p us  t h at 

pl a c es  a  l ar g e  ar e a  of  its  f e et  o n  t h e  s u bstr at e. Br a d y p us  m a y  als o  pr ef er,  or  c o p e,  wit h 

l ar g er  di a m et er  s u p p orts  b ett er  t h a n C h ol o e p us  ( M e n d el  1 9 8 1 a,  b;  M e n d el,  1 9 8 5; 

Gr a n at os k y et al., 2 0 1 8; G or v et et al., 2 0 2 0).  

     A n ot h er  s o ur c e  of  s u p p ort  t o  t h e  dist al  li m bs  i n  sl ot hs  is  t h eir  fl e x or  t e n d o ns,  w hi c h 

c a n  s er v e  as  a  s us p e ns or y  ( or  p assi v e -st a y)  a p p ar at us.  Li m b  t e n d o ns  i n  n u m er o us 

t err estri al  m a m m als  ar e  k n o w n  t o  f u n cti o n  as  stiff,  el asti c  el e m e nts  f or  j oi nt  p ositi o n 

c o ntr ol  a n d/ or  as  effi ci e nt  bi ol o gi c al  s pri n gs  d uri n g  l o c o m oti o n  t o  c o ns er v e  e n er g y 

d uri n g r u n ni n g ( Al e x a n d er, 1 9 8 4). F or e x a m pl e, i n h ors es a n d ot h er u n g ul at es, M T U ar e 

e xtr e m el y m o difi e d t o u n d er g o l ar g e str ai n b y h a vi n g l o n g, t hi n i ns erti o n t e n d o ns c a p a bl e 

of  l ar g e  el asti c  str ai n  e n er g y  st or a g e  a n d  r e c o v er y  ( Bi e w e n er,  1 9 9 8).  T e nsil e  str ai n  i n 

t h eir M T U m a y als o o c c ur wit h littl e -t o-n o  m us cl e  a cti v ati o n,  t h us t h e r esisti n g f or c e is 

p as si v e  t e nsi o n  d uri n g  p ost ur al  b e h a vi or  ( Li e b er,  2 0 0 2;  H o ds o n -T ol e  et  al.,  2 0 1 6.) 

N ot a bl y,  h ors es  h a v e  a  w ei g ht -b e ari n g  s us p e ns or y  a p p ar at us  ( Hil d e br a n d,  1 9 6 0)  w hi c h 

all o w s  t h e m  t o  r e m ai n  st a n di n g  f or  l o n g  p eri o d s  of  ti m e  wit h o ut  m us cl e  f ati g u e 

( H er m a ns o n  a n d  C o b b,  1 9 9 2).  T h es e  s p e ci ali z ati o ns  i n  dist al  M T U  str u ct ur e -f u n cti o n 

r e d u c e m et a b oli c e n er g y e x p e n dit ur e t h at w o ul d ot h er wis e n e e d t o b e s u p pli e d b y m us cl e 

c o ntr a cti o n  a n d  w or k  ( Bi e w e n er,  1 9 9 8).  Sl ot h  fl e x or  t e n d o ns  d e m o nstr at e  a  f u n cti o n al 

tr a d e-off b et w e e n stiff n es s a n d c o m pli a n c e t o p as si v el y s u p p ort b o d y w ei g ht ( M os s or et 

al.,  i n  r e visi o n),  w hil e  m us cl e  c o ntr a cti o n  c a n  m o d ul ati o n  t e n d o n  stiff n es s  f or  j oi nt 

p ositi o n c o ntr ol tr a nsl at e d as a str o n g gri p o n t h e s u bstr at e ( G or v et et al., 2 0 2 0). I n d e e d, 
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M os s or et al. (i n r e visi o n) s h o w e d t h at sl ot h F D P t e n d o ns h a v e l o w str e n gt h a n d el asti cit y 

i n di c ati n g si m plifi e d t e n d o ns t h at h a v e f u n cti o n al pr o p erti es a p pr o pri at e f or s usp e ns ori al 

h a bits  ( o p p osit e  of  t h e  s p e ci ali z e d  t e n d o ns  i n  c urs ori al  or  s alt at ori al  t a x a).  M or e o v er, 

t h es e t e n d o ns ar e n ot e x p e ct e d t o b e h a v e as bi ol o gi c al s pri n gs b e c a us e sl ot hs c a n n ot r u n. 

E n er g y  c o ns er v ati o n  f or  p as si v e  s u p p ort  a n d  p os si bl y  t h e  mi ni m al  i n v est m e nt  of 

m et a b oli c  e n er g y  r es o ur c es  i n  m ai nt e n a n c e  of  t e n d o n  tis s u e  m a y  b e  r e pr es e nt ati v e  of  a 

f u n cti o n al s us p e ns or y a p p ar at us i n sl ot hs ( M os s or et al., i n r e visi o n).  

a. Hi n dli m b M u s c ul at u r e  

T h e  m us c ul at ur e  of  t h e  p el vi c  ( hi n d)  li m bs p ur p ort e dl y  a cts  t o  k e e p  hi p 

( a c et a b ul of e m or al) j oi nt st a bili z e d i n a n e xt e n d e d p ositi o n a n d t h e cl a w s fl e x e d f or gri p 

o n  t h e  s u bstr at e.  T h e  a cti o ns  of  t h e  r es p e cti v e  f u n cti o n al  m us cl e  gr o u ps  ( hi p 

e xt e ns or/ k n e e  fl e x ors  a n d  di git al  fl e x ors) ar e  a  pri ori  b as e d  o n  t h e  l o c ati o ns  of  t h eir 

ori gi n  a n d  i ns erti o ns  r e p ort e d  i n  n u m er o us  hist ori c al  v ol u m es  ( H u m p hr e y,  1 8 7 0; 

M a c alist er, 1 8 6 9; M a c ki nt os h 1 8 7 5 a, b; Wi n dl e a n d P ars o ns, 1 8 9 9; Wisl o c ki, 1 9 2 8). T his 

s u b -s e cti o n is n ot i nt e n d e d t o b e a t h or o u g h r e vi e w of hi n dli m b m y ol o g y ( m ai n o bj e cti v e 

of t his st u d y: s e e b el o w) b ut i nst e a d a s u m m ar y of m us cl es a n d m aj or f u n cti o n al m us cl e 

gr o u ps. H o w e v er, w h er e a p pr o pri at e, i n di vi d u al m us cl es will b e hi g hli g ht e d a n d d et ail e d.   

     Hi n dli m b m us cl es ori gi n ati n g fr o m t h e hi p r e gi o n s h o ul d a ct t o pr otr a ct a n d r etr a ct t h e 

f e m ur  ( or  li m b)  at  t h e  hi p  j oi nt,  as  w ell  as  st a bili z e  t h e  hi p  j oi nt  d uri n g  s us p e ns or y 

l o c o m oti o n  a n d  p ost ur e.  T h e  cr a ni al  r e gi o n  of  t h e  hi p  j oi nt  c o nt ai ns  t h e  m.  ili a c us,  m. 

ps o as,  m.  s art ori us,  a n d  m.  t e ns or  f as c i a  l at a e  ( cr a ni ol at er al)  t h at  c a n  a ct  as  hi p  j oi nt 

fl e x ors. Al o n g t h e c a u d al r e gi o n of t h e hi p j oi nt, t h e m. gl ut e us s u p erfi ci alis ( c a u d ol at er al 

as p e ct)  s h o ul d  a ct  t o  b ot h  fl e x  t h e  hi p  a n d  a b d u ct  t h e  hi n dli m b,  w h er e as  m m.  gl ut e us 

m e di us  a n d  gl ut e us  pr of u n d us  ( oft e n  i ns e p ar a bl e)  ar e  p ositi o n e d  t o  a ct  as  t h e  m ai n  hi p 

e xt e ns ors,  a n d  s e c o n d aril y  as  hi n dli m b  a b d u ct ors.  T h e  m.  s art ori us  is  a  bi -arti c ul ar 

m us cl e  t h at  is  e x p e ct e d  t o  n ot  o nl y  fl e x  a n d  t h e  a b d u ct  f e m ur  at  t h e  hi p  j oi nt,  b ut  als o 

l at er all y r ot at e t h e t hi g h a n d fl e x t h e l e g at t h e k n e e j oi nt. T h er e ar e fi v e m us cl es wit h t h e 

p ot e nti al t o a d d u ct t h e f e m ur at t h e hi p j oi nt, i n cl u di n g m. p e cti n e us, m. a d d u ct or br e vis, 

m. a d d u ct or l o n g us (t w o h e a ds), m. a d d u ct or m a g n us, a n d m. gr a cilis.  

     Al o n g t h e  cr a ni al  a n d c a u d al r e gi o ns of  t h e  t hi g h ar e  l o c at e d  t h e k n e e e xt e ns ors a n d 

hi p e xt e ns or/ k n e e fl e x ors, wit h t h e l att er c oll e cti v el y c all e d t h e ‘ h a mstri n g’ m us cl es. T h e 
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q u a dri c e ps  f e m oris  is  c o m p os e d  of  f o ur  m us cl e  h e a ds:  m.  r e ct us  f e m oris,  m.  v ast us 

i nt er m e di us, m. v ast us l at er alis, a n d m. v ast us m e di alis. Wit h t h e e x c e pti o n of m. r e ct us 

f e m oris,  w hi c h  is  bi-arti c ul ar  a n d  h as  a  s m all  m us cl e  m o m e nt  ar m  at  t h e  hi p  j oi nt,  t h e 

k n e e e xt e ns ors ori gi n at e fr o m t h e pr o xi m al a n d/ or mi d -s h aft r e gi o n of t h e f e m ur a n d all 

h e a ds i ns ert o n t h e ti bi al t u b er osit y vi a t h e q u a dri c e ps t e n d o n c o nt ai ni n g t h e p at ell a. T h e 

m m.  s e mi m e m br a n os us,  s e mit e n di n os us,  a n d  bi c e p s  f e m oris  al o n g  t h e  c a u d al  t hi g h  ar e 

all  bi -arti c ul ar  a n d  a ct  i n  hi p  e xt e nsi o n  a n d  k n e e  fl e xi o n.  A d di ti o n all y,  t h e  t w o  m e di al 

m us cl es m. s e mi m e m br a n os us a n d m. s e mit e n di n os us m a y i nt er n all y r ot at e t h e l e g w h e n 

t h e  k n e e  is  fl e x e d. H o w e v er,  t h e  l ar g er  of  t h e  t w o  h e a ds  of  m. bi c e ps  f e m oris  ( or  m. 

fl e x or  cr ur us  l o n g us)  t h at  cr os s es  t h e  hi p  a n d  k n e e j oi nts  t o i ns ert  dist al  o nt o  t h e  cr ur al 

f as ci a m a y a ct t o l at er all y r ot at e t h e hi p j oi nt a n d ai d i n a d d u cti o n of t h e f e m ur.  

     T h e  m us cl es  of  t h e  l e g  a ct  t o  fl e x/ e xt e n d  t h e  l e g  at  t h e  k n e e  or  t o  fl e x/ e xt e n d  t h e 

hi n df o ot at t h e a n kl e, i n a d diti o n t o r esisti n g gr a vi t ati o n al e xt e nsi o n of b ot h t h e k n e e a n d 

a n kl e  j oi nts  (i. e.,  a nti -gr a vit y  m us cl es).  T h e  bi -arti c ul ar  m.  g astr o c n e mi us  ( m e di al  a n d 

l at er al  h e a ds)  ar e  s u p erfi ci al  m us cl e  b elli es  al o n g  t h e  c a u d al  as p e ct  of  t h e  l e g  a n d  t h eir 

a cti o ns ar e fl e xi o n of t h e l e g at t h e k n e e j oi nt a n d e xt e nsi o n of t h e hi n df o ot at t h e a n kl e 

j oi nt vi a t h e  c al c a n e al t e n d o n. T h e s m all  m. s ol e us  d e e p t o a n d  i ns erts i n c o m m o n wit h 

t h e m. g astr o c n e mi us o nt o t h e c al c a n e al t u b er osit y b ut a cts i n o nl y a n kl e e xt e nsi o n. T h e 

m.  fl e x or  di git or u m  s u p e rfi ci alis  is  als o  a  bi-arti c ul ar  m us cl e  a n d  s u p erfi ci al  t o  t h e  m. 

g astr o c n e mi us  t h at  i ns erts  o nt o  a  r o b ust  c o m m o n  fl e x or  t e n d o n  t h at  cr os s es  t h e  a n kl e 

j oi nt  a n d  t h e n  gi v es  of  t hr e e  t e n d o n  sli ps,  o n e  f or  i ns erti o n  o nt o  t h e  t er mi n al  p h al a n x 

( b as e of cl a w) of e a c h di git. T h e c o m m o n fl e x or t e n d o n i n t h e hi n dli m b aris es fr o m t h e 

dist al  b elli es  of  w ell -d e v el o p e d  m.  fl e x or  di git or u m  pr of u n d us,  w hi c h  is  t h e  d e e p est 

m us cl e of t h e c a u d al l e g. It is p os si bl e t h at m. fl e x or di git or u m pr of u n d us f a cilit at es a n kl e 

e xt e nsi o n,  w h er e as  o nl y  t h e  b ell y  m.  fl e x or  s u p erfi ci alis  c a n  a ct  t o  fl e x  t h e  k n e e. 

C oll e cti v el y, t h e m. fl e x or di git or u m pr of u n di is a m us cl e c o m pl e x wit h 4 h e a ds t ot al t h at 

pr o vi d e  f or  str o n g  fl e xi o n  of  t h e  m et at ars o p h al a n g e al  a n d  i nt er p h al a n g e al  j oi nts  t o 

c o nf or m t h e hi n df e et i nt o a h o o k -li k e a p p e n d a g e ( N y a k at ur a a n d A n dr a d a, 2 0 1 3).  

     A n kl e  fl e xi o n  is  t h e  m ai n  r ol e  of  t h e  m.  ti bi alis  cr a ni alis  (ti bi al  a n d  fi b ul ar  h e a ds). 

A n kl e  fl e x ors  als o  i n cl u d e  m.  fi b ul aris  l o n g us  a n d  m.  fi b ul aris  q u art us,  w hil e  t h e  m. 

e xt e ns or  di git or u m  l o n g us  li k el y  f a cilit at es  fl e xi o n  of  t h e  a n kl e  j oi nt.  M us cl es  t h at 
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p erf or m  a n kl e  fl e xi o n/ e xt e nsi o n  m a y  als o  a ct  t h e  pr o n at ors  a n d  s u pi n at ors  of  t h e 

hi n df o ot. F or e x a m pl e, m m. fi b ul aris l o n g us a n d fi b ul aris q u art us, as w ell as m. fi b ul aris  

br e vis,  a n d  all  a ct  as  pr o n at ors  of  t h e  hi n df o ot,  w h er e as  t h e  s u pi n at ors  of  t h e  hi n df o ot 

i n cl u d e m. ti bi alis cr a ni alis a n d m. ti bi alis c a u d alis. T h e m. ti bi alis c a u d alis m a y als o a ct 

t o e xt e n d t h e a n kl e j oi nt. L astl y, t h e i ntri nsi c f o ot m us c ul at ur e is o v e r all r e d u c e d d u e t o 

t h e l os s of di gits. T h e m ai n b ell y of t h e pl a nt ar as p e ct of t h e f o ot is m. q u a dr at us pl a nt a e 

a n d it is a fl e x or of di gits II -I V. O n t h e d ors al si d e of t h e f o ot is m. e xt e ns or di git or u m 

br e vis  t h at  f a cilit at es  e xt e nsi o n  of  di gits  II -I V. T h e  m m.  i nt er os s ei  ar e  r el ati v el y  w ell -

d e v el o p e d, a n d d u e t o t h e f us e d st at e of t h e  m et at ar s als, t h e y m ost li k el y a ct t o fl e x  t h e 

m et at ars o p h al a n g e al j oi nts a n d pr o xi m al i nt er p h al a n g e al j oi nts ( M e n d el, 1 9 8 5 b), b ut t o a 

l es s er  e xt e nt,  a b d u ct  t h e  di gits.  H o we v er,  t h e  m m.  l u m bri c als  ar e  r e d u c e d  i n B. 

v ari a g at us ,  w h er e  j ust  o n e  ( M e n d el,  1 9 8 1)  or  t w o  ( H u m p hre y,  1 8 7 0 ;  Wi n dl e  a n d 

P ars o ns,  1 8 9 9)  b elli es  w er e  o bs er v e d,  w hil e  as  m a n y  as  4  b elli es  w er e  pr e vi o usl y 

d es cri b e d i n C. h off m a n ni  ( M a c ki nt os h, 1 8 7 5a ). 

b. M u s cl e Fi b e r A r c hit e ct u r e  

M us cl e ar c hit e ct ur e is d efi n e d as t h e ori e nt ati o n of m us cl e fi b ers r el ati v e t o t h e a xis of 

f or c e  pr o d u cti o n  ( Li e b er,  2 0 0 2).  T h er e  ar e  t w o  m ai n  fi b er  ar c hit e ct ur es:  p e n n at e - a n d 

p ar all el -fi b er e d  m us cl es. P e n n at e m us cl es h a v e f as ci cl es ( b u n dl es of m us cl e fi b ers) t h at 

ar e  att a c h e d  o bli q u el y  t o  t h e  t e n d o n  of  i ns erti o n  or  a  t e n di n o us  i ns cri pti o n(s)  t h at  r u n 

t hr o u g h o ut  t h e  m us cl e  b ell y.  T h e  a n gl e  at  w hi c h  t h e  f as ci cl es  ar e  arr a n g e d  r el ati v e  t o 

f as ci al pl a n e or i ntr a m us c ul ar t e n d o n tis s u e is k n o w n as p e n n ati o n a n g l e a n d t his m etri c 

t y pi c all y  r a n g es  fr o m  0 °  t o  4 5 °  u n d er  r esti n g  c o n diti o ns.  H o w e v er,  w h e n  m us cl es  ar e 

r e cr uit e d  t o  pr o d u c e  a cti v e  f or c e  a n d  p erf or m  m e c h a ni c al  w or k,  t his  c a us es  fi b ers  t o 

r ot at e  a b o ut  t h eir  ori gi n,  a n d  t h us  p e n n ati o n  a n gl e  c h a n g es  as  m us cl es  s h ort e n  d uri n g 

c o ntr a cti o n ( G a ns, 1 9 8 2, A zi zi et al., 2 0 0 8). B y d efi niti o n, p e n n at e -fi b er e d m us cl es h a v e 

r esti n g  p e n n ati o n  a n gl es  of  1 5-4 5 °  ( Z aj a c,  1 9 8 9,  1 9 9 2).  As s es s m e nt  of  m us cl e 

ar c hit e ct ur e  pr o p erti es  i n v ol v es  m e as ur e m e nt  of  t h e  r esti n g  p e n n ati o n  a n gl e  of  t h e 

f as ci cl es,  i n  a d diti o n  t o  f as ci cl e  l e n gt h,  m us cl e  b ell y  l e n gt h,  a n d  m us cl e  b ell y  m as s.  I n 

g e n er al,  t h e  m a g nit u d e of f or c e pr o d u c e d b y p e n n at e -fi b er e d  m us cl es  is l ar g er  t h a n  t h at 

of  p ar all el -fi b er e d  m us cl es.  T his  is  b e c a us e  fi b er  p e n n ati o n  c orr e s p o n ds  wit h  s h ort er 

f as ci cl es,  w hi c h  i n  t ur n,  all o w s  f or  a  gr e at er  n u m b er  of  m us cl e  fi b ers  p er  u nit  ar e a  of 
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m us cl e tis s u e ( G a ns, 1 9 8 2, A zi zi et al., 2 0 0 8). T h er ef or e, p e n n at e m us cl es t y pi c all y h a v e 

gr e at er  p h ysi ol o gi c al  cr os s -s e cti o n al  ar e a  ( P C S A)  t h a n  p ar all el -fi b er e d  m us cl es,  a n d 

P C S A is pr o p orti o n al t o t h e is o m etri c f or c e pr o d u cti o n c a p a bilit y of m us cl es ( Al e x a n d er, 

1 9 8 4;  Willi a ms  et  al.,  2 0 0 8).  P e n n ati o n  t h e n  pr o vi d es  a n  a d v a nt a g e  f or  l ar g e  f or c e 

pr o d u cti o n  c a p a cit y  p er  gr a m  of  m us cl e  tis s u e,  b ut  p e n n at e -fi b er e d  m us cl es  ar e  l es s 

c a p a bl e of p erf or mi n g m e c h a ni c al w or k a n d p o w er ( G a ns, 1 9 8 2; A zi zi et al., 2 0 0 8).  

     T h er e  ar e  f o ur  t y p es  of  fi b er  p e n n ati o n  o bs er v e d  i n  m a m m al  s k el et al  m us cl es: 

u ni p e n n at e,  bi p e n n at e,  m ulti p e n n at e,  a n d  r ar el y  cir c u m p e n n at e  ( L i e b er,  2 0 0 2). 

U ni p e n n at e m us cl es h a v e f as ci cl es ori e nt e d i n a si n gl e pl a n e at s o m e a n gl e r el ati v e t o t h e 

m us cl e li n e of a cti o n. P e n n ati o n a n gl es ar e r el ati v el y l o w f or u ni p e n n at e m us cl es r a n gi n g 

fr o m  1 5º  t o  2 5 ° ( M u s c uli n o,  2 0 1 1).  Bi p e n n at e  m us cl es  h a v e  f asci cl es  ori e nt e d  at  s o m e 

a n gl e  r el ati v e  t o  t h e  m us cl e  li n e  of  a cti o n  o n  b ot h  si d es  of  a  c e ntr al  t e n d o n  wit hi n  t h e 

m us cl e b ell y t h at is c o nti n u o us wit h its i ns erti o n ,  r e mi ni s c e nt  of  a bir d  f e at h er  (Li e b er, 

2 0 0 2 ).  P e n n ati o n  a n gl es  of  bi p e n n at e  m us cl es  ar e  t y pi c all y  l ar g er  t h a n  t h os e  of 

u ni p e n n at e  m us cl es  ( e. g.,  2 0 – 3 5 °). M ulti p e n n at e  m us cl es  h a v e  a  c e ntr al  t e n d o n  t h at 

br a n c h es  i nt o  t w o  or  m or e  t e n di n o us  i ns cri pti o ns  t h at  r u n  l o n git u di n all y  t hr o u g h o ut  t h e 

m us cl e  b ell y  wit h  s h ort  m us cl e  fi b ers  arr a n g e d  o bli q u el y i n  b et w e e n  e a c h  di visi o n 

( M us c uli n o, 2 0 1 1). P e n n ati o n a n gl es ar e o bs er v e d t o b e r el ati v el y hi g h f or m ulti p e n n at e 

m us cl es  a n d  c a n  r a n g e  fr o m  2 5º  t o  4 5 °  ( G a ns,  1 9 8 2,  Z aj a c,  1 9 8 9,  1 9 9 2).  M ulti p e n n at e 

m us cl es h a v e s h ort f as ci cl es a n d l ar g e P C S A. T h e m. s u bs c a p ul aris, a s c a p ul ar st a bili z er 

m us cl e,  is a n e x a m pl e of a m us cl e t h at is  al m ost u ni v ers all y m ulti p e n n at e  i n m a m m als, 

alt h o u g h  p e n n ati o n  a n gl es  m a y  b e  l o w d e p e n di n g  o n  t h e  t a x a  a n d  it  f u n cti o n al  h a bits 

( e. g., cli m b er vs. di g g er). L ast, i n cir c u m p e n n at e m u s cl es, fi b ers ar e arr a n g e d r a di all y a n d 

c o n n e ct e d  t o  all  si d es  of  t h e  c e ntr al  t e n d o n.  T h e  n ot a bl e  e x a m pl e  of  a  cir c u m p e n n at e 

m us cl e is t h e m. s u bs c a p ul aris i n h u m a n pri m at es, w hi c h is a r ot at or c uff m us cl e.  

     P ar all el -fi b er e d  m us cl es  h a v e  l o n g  f as ci cl es  th at  m a y  a p pr o xi m at e  t h e  l e n gt h  of  t h e 

m us cl e b ell y ( Li e b er, 2 0 0 2). T y pi c all y, t h e f as ci cl es ar e ori e nt at e d at l o w a n gl es ( 0 – 1 5º) 

t o  t h e  f or c e  a xis  of  t h e  m us cl e  ( Z aj a c,  1 9 8 9, 9 2).  T h e  s h a p e  of  p ar all el-fi b er e d  m us cl es 

c a n  b e  di vi d e d  i nt o  t hr e e  c at e g ori es:  s tr a p,  f usif or m,  a n d  f a n-s h a p e d  ( G a ns,  1 9 8 2). 

F as ci cl es  t h at  ar e  arr a n g e d  i n  p ar all el  t o  t h e  li n e  of  a cti o n  pr o vi d e  t h e  a d v a nt a g e  of 

s h ort e ni n g  a bilit y  (i. e.,  c o ntr a ctil e  e x c ursi o n)  a n d  v el o cit y  of  c o ntr a cti o n,  w hi c h  is 
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pr o p orti o n al  t o  m us cl e  f as ci cl e  a n d/ o r  fi b er  l e n gt h.  G e n er all y,  p ar all el-fi b er e d  m us cl es 

h a v e a l ar g er c a p a cit y f or p erf or mi n g w or k a n d p o w er t h a n p e n n at e -fi b er e d m us cl es, b ut 

t h e y  ar e  l es s  c a p a bl e  of  pr o d u ci n g  l ar g e  f or c e.  P ar all el  m us cl es  wit h  l o n g  f as ci cl es  ar e 

t h usl y s p e ci ali z e d f or f ast m o v e m e nts or e xt e nsi v e m o v e m e nts r e q uiri n g a l ar g e R O M at 

t h e li m b j oi nts. 

     C o m pl et e  m e as ur e m e nts  of  m us cl e  ar c hit e ct ur al  pr o p erti es  i n cl u d e  m us cl e  m o m e nt 

ar m  l e n gt h  ( r m ),  m us cl e  m as s  ( M M),  b ell y  l e n gt h  ( M L),  f as ci cl e  l e n gt h  ( L F ),  p e n n ati o n 

a n gl e  ( θ), a n d  P C S A.  S p e cifi c all y,  P C S A  is  t h e  m ost  i m p ort a nt  ar c hit e ct ur al pr o p ert y,  

a n d it c a n b e c al c ul at e d wit h t h e f oll o wi n g e q u ati o n:  

                                                 P C S A = ( V/ L F ) x c os θ,         

E Q. 1  

w h er e V is m us cl e v ol u m e (i n g/ c m 3 ), LF is m e a n f as ci cl e l e n gt h, a n d θ is m e a n p e n n ati o n 

a n gl e  i n  d e gr e es.  W hil e  P C S A  is  t y pi c all y  l ar g er  i n  p e n n at e -fi b er e d  m us cl es,  it  is 

i m p ort a nt t o r e c o g ni z e t h at p ar all el-fi b er e d m us cl es wit h l ar g e m as s c a n als o h a v e l ar g e 

P C S A  d u e  t o  t h e  us e  of  v ol u m e  ( m as s  a n d  v ol u m e  ar e  r el at e d  b y  d e nsit y)  i n  its 

c al c ul ati o n.  N o n et h el es s,  dir e ct  c al c ul ati o n  of  P C S A  fr o m  m e as ur e d  li n e ar  g e o m etri c 

di m e nsi o ns  all o w s  f or  esti m ati o n  of  s e v er al  f u n cti o n  c a p a citi es  of  m us cl es  i n cl u di n g 

is o m etri c f or c e ( Fm a x ), m a xi m al j oi nt t or q u e (at a j oi nt a n gl e of ~ 9 0º), a n d i nst a nt a n e o us 

m us cl e  p o w er  ( P i nst).  S e v er al  ar c hit e ct ur al  i n di c es  ( AI)  als o  pr o vi d e  i nf or m ati o n  o n  t h e 

f u n cti o n al  c a p a citi es  of  m us cl es.  T h e  r ati o  of  f as ci cl e  l e n gt h  t o  m us cl e  l e n gt h  ( L F / M L) 

pr e di cts  s h ort e ni n g  v el o cit y  a bili t y.  A  LF / M L cl o s e  t o  1. 0  i n di c at es  l ar g e  c o ntr a ctil e 

e x c ursi o n i nst e a d of f or c e d u e t o l o n g f as ci cl es. A n ot h er i m p ort a nt r ati o is f as ci cl e l e n gt h 

t o  m us cl e  m o m e nt  ar m  l e n gt h  ( LF /r m ).  T h e  s m all er  t h e  r ati o  c al c ul at e d,  t h e  gr e at er  t h e 

m e c h a ni c al a d v a nt a g e  ( M A)  of  a n  M T U  at  a  j oi nt  f or  l ar g e  f or c e  o ut p ut.  I n  c o ntr ast,  a 

L F /r m  gr e at er  t h a n  2 – 3  i n di c at es  gr e at er  j oi nt  e x c ursi o n  p er  c h a n g e  i n  m us cl e  f as ci cl e 

l e n gt h. M T U wit h l ar g e LF /r m  r ati os  c a n  m o v e  j oi nt s a n d li m bs t hr o u g h  l ar g e R o M  a n d 

ar e oft e n as s o ci at e d wit h p o w erf ul pr o xi m al m us cl es ( e. g., hi p e xt e ns ors).      

     Ar c hit e ct ur al pr o p erti es ar e a v ail a bl e f or t h e f or eli m b m us cl es of B. v ari e g at us  ( Ols o n 

et  al.,  2 0 1 8).  T o  s u m m ari z e,  b e y o n d  gr os s  o bs er v ati o ns  of  r o p e -li k e  m us cl es  wit h  l o n g, 

t hi n mor p h ol o g y, sl ot hs d e m o nstr at e d a g e n er al pr o xi m al -t o-dist al i n cr e as e i n p e n n ati o n, 

a n d t h e fl e x ors of t h e f or eli m b ar e str o n g er t h a n t h e e xt e ns ors. N ot a bl y, m us cl es wit h t h e 
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l ar g est P C S A a n d a bilit y t o a p pl y t h e gr e at est a m o u nt of j oi nt t or q u e ar e t h os e t hat a ct t o 

r etr a ct  t h e  li m b  (s h o ul d er  fl e x ors)  a n d  t h e  c ar p al/ di git al  fl e x ors  i n  t h e  a nt e br a c hi u m, 

alt h o u g h  l ar g e  m as s  a n d  P S C A  of  t h e  m.  br a c hi or a di alis  ( B C R)  m a k e  it  t h e  str o n g est 

fl e x or of t h e el b o w. N o m us cl es of B. v ari e g at us  w er e f o u n d t o h a v e t h e c a p a cit y f or hi g h 

p o w er or l ar g e j oi nt t or q u es; h o w e v er, n u m er o us m us cl es of t h e f or eli m b w er e o bs er v e d 

t o  h a v e  t h e  a bilit y  t o  r ot at e  t h e  j oi nts  r a pi dl y  b y  t h eir  r el ati v el y  s h ort  m us cl e  m o m e nt 

ar ms  a n d  l o n g  f as ci cl es  ( Ols o n  et  al.,  2 0 1 8). Y et,  t h e  e xtri nsi c  m us cl es  of  t h e  f or eli m b 

i n Br a d y p us  h a v e p ar all el fi b er ar c hit e ct ur e b ut s e v er al h a v e l o n g m o m e nt ar ms f or l ar g e 

j oi nt t or q u e a p pli c ati o n, a n d wit h t h e e x c e pti o n of m ai nl y t h e dist al c ar p al/ di git al fl e x ors 

a n d e xt e ns ors, t h e m aj orit y of t h e i ntri nsi c m us c ul at ur e is sl o w c o ntr a cti n g wit h r el ati v el y 

l o n g, p ar all el or u ni p e n n at e fi b ers ( Ols o n et al., 2 0 1 8).  

     P er h a ps t h e m ost i nt er esti n g fi n di n g i n t h e f or eli m b of B r a d y p us  w as t h at e a c h m aj or 

fl e x or/ e xt e ns or  m us cl e  gr o u p  dis pl a y e d  p airi n gs  of  m us cl es  wit h  l o n g  or  s h ort  f as ci cl es 

r el ati v e t o t h eir m us cl e m o m e nts ar ms ( Ols o n et al., 2 0 1 8). T his t y p e of m us cl e g e ari n g 

w as  i nt er pr et e d  as  a  m e a ns  f or  sl ot hs  p erf or m  sl o w, c o ntr oll e d  m o v e m e nts,  a n d  it 

m at c h es  f u n cti o n al  e x p e ct ati o ns  f or fl e x or/ e xt e n s or m us c ul at ur e  t h at  c a n  pr o vi d e 

pr o p ulsi o n  d uri n g  b ot h  S W  a n d  V C,  i n  a d diti o n  t o  r ol es  i n  b o d y  s u p p ort  i n  eit h er 

ori e nt ati o n. C oll e cti v el y, t h e ar c hit e ct ur al pr o p erti es q u a ntifi e d i n t h e f or eli m bs of t hr e e -

t o e d  sl ot hs  a gr e e  wit h  r ol es  i n  pr o p ulsi o n  b y  p ulli n g  t h e  b o d y  f or w ar d  f oll o wi n g 

t o u c h d o w n  (i. e.,  gr as p  o n)  of  t h e  li m b  o n  t h e  s u bstr at e  as  w ell  as  t h e  o v er w h el mi n g 

f u n cti o n  of  s us p e ns or y  s u p p ort.  Si mil ar  m us cl e  pr o p erti es  s h o ul d  b e  e x p e ct e d  of  t h e 

hi n dli m b m us c ul at ur e, w hi c h m a y h a v e a n e v e n gr e at er r ol e i n s u p p ort d uri n g s us p e nsi o n, 

b ut als o mi g ht b e r e q uir e d t o p erf or m w or k a n d p o w er f or v erti c al cli m bi n g.  

c. M u s cl e Fi b e r T y p e  

M us cl e  f or c e  pr o d u cti o n  als o  d e p e n ds  o n  i ntri nsi c fi b er  c o ntr a ctil e  pr o p erti es,  w hi c h 

ar e  i n  t ur n  d e p e n d e nt  o n  m y osi n  h e a v y  c h ai n  ( M H C)  e x pr es si o n.  T h er ef or e, 

s p e ci ali z ati o n  of  m us cl e  fi b ers  is  als o  r efl e cti v e  of  t h eir  e x pr es si o n  of  M H C  is of or ms. 

A n d alt h o u g h t h e distri b uti o n of m us cl e fi b er t y p es a n d/ or m ot or u nits ( M U) is dir e ct e d 

b y  t h e  si z e  a n d  c o n d u cti o n  v el o cit y  of  t h eir  al p h a  m ot or  n e ur o ns,  t h e  c o ntr a ctil e  t as ks 

r o uti n el y  p erf or m e d  b y  a  m us cl e  or  m us cl e  gr o u p  h as  t h e  a bilit y  t o  m o dif y  t h e  m us cl e 

fi b er  c o ntr a ctil e  a n d/ or  m et a b oli c  pr o p erti es  ( K o h n,  2 0 1 4;  T h o m as  et  al.,  2 0 1 7; 
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S p ai n h o w er  et  al.,  2 0 1 8).  T his  p h e n o m e n o n  is  u n d erst o o d  as  f u n cti o n al  a d a pt ati o n. 

I n d e e d,  S c hi affi n o  a n d  R e g gi a ni  ( 1 9 9 6)  f o u n d  t h at  f u n cti o n al  b e h a vi ors  ar e  o n e  of  t h e 

m ai n d et er mi ni n g f a ct ors of t h e i ntri nsi c pr o p erti es of m us cl e  fi b er t y p es.  

     M a m m als m a y e x pr es s f o ur a d ult m y osi n fi b er t y p es i n t h eir s k el et al m us cl es: M H C -

1, 2 A, 2 X, a n d 2 B ( B otti n elli, 2 0 0 1). Sl o w M H C -1 fi b ers ar e hist ori c all y c o nsi d er e d t o b e 

o xi d ati v e ( a er o bi c), h a v e l o w p o w er, a n d ar e t h e sl o w est -c o ntr a ct i n g a d ult m us cl e fi b ers 

( K o h n et al., 2 0 0 7, 2 0 1 1). M H C-2 A fi b ers ar e f ast er -c o ntr a cti n g a n d pr o d u c e hi g h er a n d 

p o w er  t h a n  t h e  sl o w  M H C -1  is of or m.  F ast  M H C -2 A  fi b ers  c a n  b e  hi g hl y  o xi d ati v e  i n 

t h eir  m et a b olis m  d es pit e  h a vi n g  s o m e  gl y c ol yti c  ( a n a er o bi c)  e n z ym ati c  pr o p erti es 

( S c hi affi n o  a n d  R e g gi a ni,  1 9 9 6)  a n d  h a v e  t h e  l o w est  c o ntr a ctil e  v el o cit y  of  t h e  f ast -

c o ntr a cti n g  is of or ms.  W h e n  t h e  M H C -2 A  is of or m  is  e x pr es s e d  i n  m a m m ali a n  m us cl e 

fi b ers,  l ar g er  cr os s-s e cti o n al  ar e a  ( C S A)  t h a n  M H C -1  fi b ers h a v e  b e e n  c o m m o nl y 

o bs er v e d  ( K o h n  et  al.,  2 0 0 7),  h e n c e  t h e  f ast  fi b er  t y p es  h a v e  t h e  c a p a cit y  t o  pr o d u c e 

l ar g er is o m etri c f or c e t h a n sl o w M H C-1 fi b ers. H o w e v er, fi n di n gs i n sl ot hs ( S p ai n h o w er 

et  al.,  2 0 1 8)  a n d  pri m at es  ( Si c kl es  a n d  Pi n kst aff,  1 9 8 1)  i n di c at e  t h at  t h e  pr e d o mi n a nt 

m y osi n fi b er t y p e e x pr es s e d is oft e n t h e l ar g est, a n d t h us pr o d u c es t h e l ar g est m a g nit u d e 

of  f or c e  r e g ar dl es s  of  M H C  is of or m  e x pr es si o n.  M H C -2 X  fi b ers  c o ntr a ct  f ast er  t h a n 

M H C -2 A is of or m fi b ers a n d d at a fr o m d o m esti c at e d m a m m als s h o w t h at t h e y pr o d u c e a 

gr e at er  f or c e  a n d  h a v e  p o w er  o ut p ut  t h a n  M H C -2 A  fi b ers  ( K o h n  et  al.,  2 0 0 7).  T h es e 

s a m e  st u di es  i n di c at e  t h at  f ast  M H C -2 X  fi b ers  ar e  m o d er at el y  o xi d ati v e -gl y c ol yti c  i n 

t h eir  fi b er  t y p e  m et a b olis m.  L ast,  t h e  M H C-2 B  is of or m  is  t h e  f ast est  c o ntr a cti n g  a n d 

g e n er at e t h e hi g h est p o w er of all m y osi n fi b er t y p es. F ast M H C -2 B fi b ers ar e hist ori c all y 

s h o w n  t o  b e  t h e  m ost  gl y c ol yti c  i n  t h eir  m et a b oli s m  a n d  h a v e  l o w  f ati g u e  r esist a n c e 

( K o h n  et  al.,  2 0 0 7).  L ar g e  distri b uti o ns  of  f ast  M H C -2 B  fi b ers  ar e  m ost  t y pi c all y 

e x pr es s e d i n li m bs of r o d e nts a n d l a g o m or p hs ( S c hi affi n o a n d R e g gi a ni, 1 9 9 6), as w ell as 

i n t h e li m bs of m ars u pi als. S m all m a m m als h a v e a l ar g e s urf a c e ar e a t o v ol u m e r ati o (S A: 

V )  a n d  m ust  h a v e  m us cl es  hi g h  i ntri nsi c  p o w er  t o  pr o vi d e  h e at  as  m aj or  f a ct o r  i n  t h eir 

t h er m or e g ul at or y str at e g y ( Cl ar k e a n d R ot h er y, 2 0 0 7).  

     M H C  fi b er  t y p e  a n d  m et a b oli c  pr o p erti es  ar e  a v ail a bl e  f or  sl ot hs.  A  l a n d m ar k  st u d y 

b y S p ai n h o w er et al. ( 2 0 1 8) f o u n d t h at b ot h C. h off m a n ni  a n d B. v ari e g at us  o nl y e x pr es s 

sl o w M H C -1 a n d  f ast M H C-2 A fi b ers i n t h eir f or eli m b m us c ul at ur e. M or e o v er, t h er e is 
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pr e d o mi n a nt e x pr es si o n of sl o w M H C -1 fi b ers i n all m us cl e f u n cti o n al gr o u ps, alt h o u g h 

a  s u btl e  sl o w er -t o-f ast er  c o ntr a cti n g  c h a n g e  i n  fi b er  t y p e  distri b uti o n  is  o bs er v e d  al o n g 

t h e l e n gt h of t h e li m bs. T h e dist al f or eli m b m us c ul at ur e ( e. g., c ar p al a n d di git al fl e x ors) 

ar e  t h e  o nl y  f u n cti o n al  gr o u ps  w h er e  t h e  a v er a g e  pr o p orti o n  of  sl o w  M H C -1  fi b ers  is 

e x c e e d e d  b y  e x pr es si o n  of  t h e  f ast  M H C -2 A  is of or m  ( S p ai n h o w er  et  al.,  2 0 1 8).  I n  t h e 

hi n dli m bs of sl ot hs, t h er e is als o a r el ati v e i n cr e as e i n f ast M H C -2 A fi b ers i n t h e di git al 

fl e x ors of b ot h s p e ci es, b ut sl o w M H C-1 fi b ers r et ai n t h e l ar g est p er c e nt a g e e x pr es si o n i n 

all  m us cl es  st u di e d  ( S p ai n h o w er  et  al.,  i n  r e visi o n).  F or  e x a m pl e, C.  h off m a n ni  a n d B. 

v ari e g at us  e x pr es s  si mil ar  l ar g e  pr o p orti o ns  of  sl o w  M H C -1  fi b ers  i n  t h eir  hi p  fl e x ors 

s u g g esti n g  t h at  t h e  f u n cti o n al  r ol e  of  j oi nt  st a bilit y  (i. e.,  a nti -gr a vit y  m us cl es)  of  t his 

m us cl e  gr o u p  is  c o m m o n  t o  b ot h  s p e ci es  ( S p ai n h o w er  et  al.,  i n  r e visi o n).  Sl o w -

c o ntr a cti n g  m us cl es  ar e  i m p ort a nt  t o  c o ntr olli n g  a c c el er ati o n  of  t h e  C o M  (i. e., 

mi ni mi zi n g  d est a bili z ati o n  of  t h e  b o d y),  w hi c h  is  r el at e d  t o  t h e  sl o w,  d eli b er at e 

l o c o m oti o n  of  sl ot hs  ( N y a k at ur a  a n d  A n dr a d a,  2 0 1 3). S p e cifi c  e x a m pl es  i n cl u d e  t h e 

s h o ul d er  fl e x ors  m m.  p e ct or alis  s u p erfi ci alis  a n d  d elt oi d e us  w hi c h  ar e ∼ 7 0 %  sl o w  i n 

t h eir  M H C  fi b er  t y p e  distri b uti o n  as  ar e  t h e  el b o w  fl e x ors/ e xt e ns ors,  alt h o u g h  l ar g e  m. 

br a c hi or a di alis is t h e str o n g est el b o w fl e x or a n d h as a 9 5 % e x pr es si o n of t h e sl o w M H C -

1  is of or m  i n  B.  v ari e g at us  ( S p ai n h o w er et  al.,  2 0 1 8) .  T h e  e xtr e m el y  sl o w-c o ntr a cti n g 

B C R  i n  B.  v ari e g at us  is p er h a ps  t h e  b est  e x a m pl e  of  a  m us cl e  t h at  e m p h asi z es  f or c e 

w hil e  mi ni mi zi n g  s h ort e ni n g  v el o cit y  a n d  t h es e  c o ntr a ctil e  f e at ur es  ar e  g e n er all y 

r efl e cti v e of sl ot h f or eli m bs ( Ols o n et al., 2 0 1 8).  

     Sl ot h  li m bs  a n d  t h os e  of  pri m at es,  w hi c h  h a v e  s h ar e  o v erl a p pi n g  e c ol o gi c al  a n d 

b e h a vi or al  pr ef er e n c es,  ar e  als o  e xtr a or di n aril y  si mil ar  i n  t h eir  m y osi n  fi b er  t y p e 

c o m p ositi o n.  F or  e x a m pl e,  t h e  f or e - a n d  hi n dli m bs  of t h e  sl o w  l oris  (N y cti c e b us  

c o u c a n g ), o v er all,  h a v e  a  si mil ar  e x pr es si o n  of  sl o w -c o ntr a cti n g  m us cl e  fi b er  t y p es 

(i d e ntifi e d  as  T y p e  I  a n d  T y p e  II A)  ( Si c kl es  a n d  Pi n kst aff,  1 9 8 1 a,  b).  T w o - a n d  t hr e e -

t o e d  sl ot hs,  as  w ell  as N.  c o u c a n g ,  als o  l ac k  e x pr e s si o n  of  t h e  f ast  M H C -2 X  a n d -2 B 

is of or ms  a n d  t h es e  fi n di n gs  ar e  n ot a bl y  s u g g esti v e  of  p ar all el  e v ol uti o n  of  sl o w er 

c o ntr a cti n g  fi b er  p h e n ot y p es  i n  m a m m ali a n  t a x a  t h at  e x hi bit  o bli g at or y  s us p e ns or y 

b e h a vi ors or t h os e t h at r e q uir e gr as pi n g/ cli n gi n g d uri n g v erti c al cli m bi n g. Str o n g, sl o w -

c o ntr a cti n g  m us cl e  fi b ers  m a y  t h er ef or e  b e  a  f u n cti o n al  r e q uir e m e nt  f or  s us p e ns or y 
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h a bits. S ust ai n e d a cti v ati o ns of n u m er o us li m b fl e x or m us cl es (s e e b el o w) ar e e x p e ct e d 

t o b e n e c es s ar y f or t h e pr ol o n g e d gri p pi n g/ gr aspi n g b e h a vi ors i n sl ot hs a n d sl o w l oris es.  

d. S u s p e n s o r y m u s cl e f u n cti o n a n d m e c h a ni cs  

T h e i niti al u n d erst a n di n g of  m us cl e f u n cti o n d uri n g s us p e ns or y b e h a vi ors is pri m aril y 

d eri v e d  fr o m  f o u n d ati o n al  w or k  wit h  pri m at es.  N u m er o us  st u di es  i n  pri m at e  t a x a h a v e 

s h o w n  a  r el ati o ns hi p  b et w e e n  m us cl e  fi b er  t y p e  a n d  E M G  i nt e nsit y  d uri n g  p ost ur al 

s us p e nsi o n  a n d  s us p e ns or y  m o d es  of  l o c o m oti o n  (J o uffr o y  et  al.,  2 0 0 4,  a n d  r ef er e n c es 

t h er ei n; J o uffr o y  et  al.,  1 9 9 9 ).  T h e  pr e v aili n g  fi n di n g  fr o m  t h es e  st u di es  is  t h at a n e ar 

h o m o g e n e o us  e x pr es si o n  of  l ar g e,  sl o w  M H C -1  fi b ers  is  t y pi c al  of  a  si n gl e  b ell y  ( or 

m us cl e h e a d) of e a c h m aj or e xt e ns or f u n cti o n al gr o u p ( el b o w, k n e e, a n d a n kl e e xt e ns ors) 

i n  t h e  li m bs  of  pri m at es  s a m pl e d a n d  h as  a  p ost ur al  f u n cti o n  as  a n  a nti -gr a vit y  m us cl e. 

F or  e x a m pl e,  m.  v ast us  i nt er m e di us  i n  a  r h es us  m a c a q u e  is  9 0 %  sl o w  c o ntr a cti n g,  a 

f e at ur e  t h at  n ot a bl y  c orr el at es  wit h  its  l ar g e  fi b er  si z e  a n d  r ol e  i n  hi n dli m b  j oi nt 

st a bili z ati o n  (J o uffr o y  et  al.,  1 9 9 9).  D uri n g ar b or e al p ost ur al  b e h a vi ors,  t h es e  sl o w -

c o ntr a cti n g  m us cl es  s h o w l o w-t o-m o d er at e  l e v els  of  E M G  a cti vit y  w hil e  t h e  f ast -

c o ntr a cti n g  m us cl es  s h o w  l o w  a cti vit y;  h o w e v er,  all  m us cl es  s h o w  hi g h -l e v el  a cti vit y 

d uri n g l o c o m oti o n ( J o uffr o y et al., 1 9 9 9; J o uffr o y et al., 2 0 0 4 ). 

     T h er e  is  a  t ot a l  8 9 %  fi b er  t y p e  distri b uti o n  of  t h e  M H C-1  is of or m  i n  t h e  li m b 

m us c ul at ur e  of  t hr e e -t o e d  sl ot hs ( S p ai n h o w er  et  al.,  2 0 1 8,  i n  r e visi o n). Si mil arl y,  a n 

e xtr e m el y l ar g e p er c e nt a g e e x pr es si o n of sl o w M H C -1 fi b ers a m o n g t h e hi n dli m b fl e x ors 

( 8 8 %) a n d e xt e ns ors ( 9 3 %) of t hr e e-t o e d sl ot hs als o s u g g ests t h at t h eir hi n dli m b m us cl es 

m a y  c oll e cti v el y  pl a y  a  m aj orit y  a nti -gr a vit y  r ol e.  S u p p ort  f or  t his  h y p ot h esis  is 

e x e m plifi e d b y t h e r es ults of a v er y r e c e nt st u d y ( G or v et et al., 2 0 2 0) t h at e v al u at e d E M G 

a cti v ati o n  i n  t h e  f or eli m b  m us cl es  of B.  v ari e g at us .  T h e  f o ur  m ai n  fi n di n gs  ar e 

s u m m ari z e d  as  t h e  f oll o wi n g:  ( 1)  t h e  l o w est  v ol u m es  of  a cti v e  m us cl e  w er e  r e cr uit e d 

d uri n g  s us p e ns or y  h a n gi n g  ( S H),  w h er e  t h e  dist al  c ar p al/ di git al  fl e x ors  c o nsist e ntl y 

s h o w e d t h e l o w est l e v els of E M G a cti vit y a m o n g all m us cl es s a m pl e d; ( 2) fl e x or m us cl e 

a cti v ati o ns w er e l o n g a n d m ost i nt e ns e d uri n g s us p e ns or y w al ki n g ( S W) a n d f o u n d t o b e 

m a xi m al f or t h e el b o w fl e x ors a n d s m all est f or t h e c ar p al/ di git al fl e x ors i n f or eli m b; ( 3) 

E M G o ns et of t h e el b o w a n d c ar p al/ di git al e xt e ns ors o c c urr e d n e ar mi d-st a n c e a n d eit h er 

s h o w e d  bi -p h asi c  c o nt a ct/s wi n g  a cti v ati o ns  or  r e m ai n e d  a cti v e  t hr o u g h  e arl y  s wi n g 
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d uri n g  s us p e ns or y  w al ki n g,  a n d  s h o w e d  gr e at er  r el ati v e  a cti v ati o ns  d uri n g  v erti c al 

cli m bi n g  ( V C);  a n d  ( 4)  s m all,  f ast  M H C -2 A  fi b ers  w er e  r e cr uit e d  at  l o w  i nt e nsiti es  of 

a cti v ati o n  d uri n g  S H,  w h er e as  l ar g e,  sl o w  M H C -1  fi b ers  w er e  r e cr uit e d  at  l ar g e 

i nt e nsiti es of a cti v ati o n d uri n g S W a n d V C. 

     T h e o ut c o m es r e c o u nt e d fr o m t h e a n al ysis b y G or v et et al. ( 2 0 2 0) is f urt h er s u g g esti v e 

of  t w o  m aj or  s p e ci ali z ati o ns  t o  t h e  t e nsil e  li m b  s yst e m  of  sl ot hs.  First,  as  pr e vi o usl y 

h y p ot h esi z e d ( M e n d el, 1 9 8 1 b, 1 9 8 5), l ar g el y p as si v e w ei g ht -b e ari n g i n sl ot hs is p os si bl e 

d u e  t o  t h e  pr es e n c e  of  a  ( di git al  fl e x or)  t e n d o n  s us p e ns or y  a p p ar at us  t h at  f u n cti o n all y 

a n al o g o us t o t h at i n u pri g ht u n g ul at es ( M os s or et al., i n r e visi o n). S e c o n d, sl ot hs a p p e ar 

t o  h a v e  n e ur o m us c ul ar  m o difi c ati o ns  t h at  c a n  offs et  t h e  c ost  of  m us cl e  c o ntr a cti o n  b y 

s el e cti v e r e cr uit m e nt of s m all, f ast -c o nt r a cti n g M U  w h e n l es s f or c e is n e e d f or p ost ur al 

s u p p ort  t h at  s hifts  t o  r e cr uit m e nt  of  l ar g e,  sl o w  c o ntr a cti n g  M U  w h e n  gr e at er  f or c e  is 

n e e d e d  f or  l o c o m ot or  b e h a vi ors.  T hr e e -t o e d  sl ot hs  m a y  als o  h a v e  s e v er al  f or eli m b 

m us cl es  wit h  s u p er  sl o w  c o ntr a cti o n  v el o citi es  (i. e.,  V m a x )  b as e d  o n  t h eir  r e p ort e d  l o w 

m e a n E M G fr e q u e n ci es ( G or v et et al., 2 0 2 0). T h es e w o ul d b e t h e sl o w est v al u es f or V m a x  

y et t o b e r e p ort e d i n v ert e br at es.  

     R e c or ds of s u bstr at e r e a cti o n f or c es ( S R F) ar e e q u all y es s e nti al t o u n d erst a n di n g li m b 

s yst e m  f u n cti o n  a n d  s us p e ns or y  m e c h a ni cs  i n  ar b or e al  t a x a.  I n  c o ntr ast  t o  t h e  p att er ns 

t y pi c al  of  pri m at es,  w hi c h  s h o w  hi n dli m b-bi as e d  b o d y  w ei g ht  s u p p ort  as  w ell  as  n et 

pr o p ulsi v e i m p uls e b y t h e hi n dli m bs ( H a n n a et al., 2 0 1 7), Gr a n at os k y a n d S c h mit t ( 2 0 1 7) 

s h o w e d  t h at  f or eli m bs  of  t w o -t o e d  sl ot hs (C.  di d a ct yl us ) ar e  t h e  m ai n  pr o p ulsi o n 

el e m e nts  d uri n g  S W,  w h er e as  t h e  hi n dli m bs  p erf or m  gr e at er  n et  br a ki n g.  B e y o n d 

c o nfir mi n g  t h e  f u n cti o n al  r ol es  of  f or e - a n d  hi n dli m b  p airs  d uri n g  s us p e ns or y 

l o c o m oti o n, t hr e e a d diti o n al o bs er v ati o ns w er e m a d e fr o m t h e p att er ns of S R F i n sl ot hs: 

1. V erti c al S R F pr e d o mi n at e d i n di c ati n g s us p e ns or y b o d y -w ei g ht s u p p ort ( ~ 7 0 % v erti c al 

S R F) o n ar b or e al s u bstr at es; 2. h ori z o nt al (f or e -aft) f or c es w er e i nt er m e di at e a n d v ar y i n 

dir e cti o n  b et w e e n  t h e  f or e - a n d  hi n dli m bs;  a n d  3.  m e di al  f or c es  o n t h e  s u bstr at e  w er e 

a p pr e ci a bl e,  w h er e as  l at er al  f or c es  w er e  n e gli gi bl e  ( Gr a n at os k y  a n d  S c h mitt,  2 0 1 7). 

Gr a n at os k y  et  al.  ( 2 0 1 8)  als o  f o u n d  t h at  sl ot hs  d o  n ot  s hift  t h eir  b o d y  w ei g ht  b et w e e n 

li m b  p airs  d uri n g  S W,  t h us  m ai nt ai ni n g  t h e  p ositi o n  of  t h eir  C O M  ev e nl y  b et w e e n  t h e 

f or e-a n d  hi n dli m bs. N ot a bl y, t h es e  u n us u al  m e c h a ni cs  of  sl ot h  l o c o m oti o n  ar e  n ot  f ull y 
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u n d erst o o d,  b ut it w as  pr e vi o usl y  h y p ot h esi z e d  ( Gr a n at os k y  et  al.,  2 0 1 8;  G or v et  et  al., 

2 0 2 0)  t h at  c o -a cti v ati o n  of  a  f or eli m b  fl e x or/ a d d u ct or  a n d  hi n d li m b  fl e x or/ a d d u ct or 

d uri n g t h e c o nt a ct p h as e of a s us p e ns or y w al ki n g stri d e mi g ht e x pl ai n t h e p att er ns of S R F 

o bs er v e d. It is als o p os si bl e t o c o -c o ntr a cti o n of e p a xi al/ h y p a xi al m us c ul at ur e, i n a d diti o n 

t o  s p e cifi c  li m b  m us cl es,  w o ul d  m a k e  t h e  l o n g  a xis  of  t h e  b o d y  ri gi d  w h e n  w al ki n g 

b e n e at h br a n c h t o pr e v e nt s hifti n g of t h e b o d y w ei g ht (i. e., h ori z o nt al l e v eri n g) a n d t his 

pr e v e nts sl ot hs fr o m os cill ati n g t h e s u bstr at e, w hi c h c o ul d l e a d t o a f at al f all (fr a ct uri n g 

t h e tr e e br a n c h), a n d t his is criti c al t o fit n es s i n sl ot h s.  

     I n  s u m,  t h e  pr e vi o us  fi n di n gs  ( e. g.,  N y a k at ur a  a n d  A n dr a d a,  2 0 1 3;  Gr a n at os k y  a n d 

S c h mitt,  2 0 1 7;  Gr a n at os k y  et  al.,  2 0 1 8;  G or v et  et  al.,  2 0 2 0)  str o n gl y  s u g g est  t h at 

l o c o m oti o n  i n  t h e  li m b  s yst e m  of  tr e e  sl ot hs  is  e ntir el y  dri v e n  b y m us cl e  a cti v ati o n. 

Alt h o u g h, l o c o m ot or m e c h a ni cs h a v e y et t o b e st u di e d i n a n y s p e ci es of Br a d y p us , a n d 

S R F ar e n ot a v ail a bl e f or cli m bi n g i n sl ot hs. D uri n g V C, b ot h p airs of li m bs ar e e x p e ct e d 

t o h a v e a pr o p ulsi v e a n d s u p p ort f u n cti o n. T his e x p e ct ati o n is b as e d o n r e c e nt d at a fr o m 

sl o w  cli m bi n g  l ori ds  t h at  us e  t h eir  f or eli m bs  f or  pr o p ulsi o n  (t e nsil e  l o a di n g)  d uri n g  t h e 

first  h alf  of  a  cli m bi n g  stri d e  a n d  s u p p ort  ( c o m pr e s si v e  l o a di n g)  o v er  t h e  s e c o n d  h alf 

( H a n n a et al., 2 0 1 7). I n f a ct, t h e c o ntri b uti o n t o verti c al pr o p ulsi o n w as r el ati v el y gr e at er 

i n  t h e  f or eli m bs  of  l orisi ds  c o m p ar e d  t o  t h eir  hi n dli m bs.  Gi v e n  t h e  o v er all  si mil arit y  i n 

b e h a vi or b et w e e n t h e sl o w l oris ( N. c o u c a n g ) a n d sl ot hs, it is li k el y t h at t h e hi n dli m bs of 

t w o- a n d  t hr e e -t o e d  f or ms  als o  ha v e  a n  i m p ort a nt  a nti -gr a vit y  r ol e  t o  pl a y  w h e n 

gr as pi n g/ cli n gi n g or cli m bi n g i n a n u pri g ht p ositi o n.  

O bj e cti v es a n d H y p ot h es es  

T his st u d y ai ms t o d es cri b e t h e m y ol o g y of a n d q u a ntif y m us cl e ar c hit e ct ur al pr o p erti es 

i n t h e hi n dli m b of t h e br o w n -t hr o at e d t hr e e-t o e d sl ot h (Br a d y p us v ari e g at us ). T his w or k 

will  b uil d  o n  hist ori c al  st u di es  of  li m b  m y ol o g y  ( M a c alist er,  1 8 6 9;  H u m p hr e y,  1 8 7 0; 

M a c ki nt os h,  1 8 7 5 b ) as  w ell  as  r e c e nt  n o v el  i n v esti g ati o ns  of  m us cl e  fi b er  ar c hit e ct ur e 

( Ols o n et al., 2 0 1 8)  a n d l o c o m ot or m e c h a ni cs i n sl ot hs ( Gr a n at os k y a n d S c h mitt, 2 0 1 7; 

Gr a n at os k y et al., 2 0 1 8) t o f urt h er i nt er pr et t h e f u n cti o n al r ol es of e a c h li m b p air. T o t his 

e n d,  t h e  c o ntri b uti o ns  of  t h e  m us cl e  m as s  a n d  P C S A  t o  f or c e  a n d  t or q u e  a p pli c ati o n 

c a p a cit y  will  b e  us e d  t o  f urt h er  e v al u at e  f u n cti o n  i n  a  t e nsil e  s yst e m  i n Br a d y p us .  It  is 

h y p ot h esi z e d  t h at  t h e  m us cl e  arr a n g e m e nts,  m as s  distri b uti o n,  a n d  ar c hit e ct ur al 
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pr o p erti es  o bs er v e d  will  b e  k e y  a n at o mi c al  c orr el at es  of  f u n cti o n al  r ol es  i n 

br a ki n g/s u p p ort d uri n g S W a n d pr o p ulsi o n/s u p p ort d uri n g V C.  

     S p e cifi c all y,  f or  sl ot h  hi n dli m bs  it  is  pr e di ct e d  t h at:  ( 1)  fl e x or  gr o u p  m us cl e  m as s es 

will  b e  gr e at er  t h a n  t h os e  of  t h e  e xt e ns or  f u n cti o n al  gr o u ps;  ( 2)  s u m m e d  t or q u es  (i. e., 

str e n gt h) of t h e fl e x or m us c ul at ur e will b e l ar g er  t h a n t h os e of t h e e xt e ns ors at t h e hi p, 

k n e e, a n d a n kl e j oi nts; ( 3) m. s art ori us, m. ili o ps o as, a n d/ or m. a d d u ct or l o n g us will h a v e 

l ar g e P C S A a n d M A at th e hi p j oi nt f or br a ki n g f u n cti o n d uri n g S W; ( 4) w ell -d e v el o p e d 

a n d str o n g k n e e fl e x ors will h a v e l o n g m us cl e m o m e nt ar ms f or t h e a p pli c ati o n of l ar g e 

m e di all y -dir e ct e d  f or c es  o n  t h e  s u bstr at e  t o  st a bili z e  hi n dli m b  s u p p ort;  a n d  ( 5)  hi p 

e xt e ns ors  will  h a v e l o n g  f as ci cl es,  b ut  a p pr e ci a bl e  m us cl e  m as s  a n d  m o m e nt  ar ms  f or 

pr o p ulsi o n  d uri n g  v erti c al  cli m bi n g.  T h e  e x p e ct e d  r es ults  will  s u bst a nti all y  i m pr o v e 

u n d erst a n di n g of s us p e ns or y a d a pt ati o ns i n sl ot h li m bs; i n p arti c ul ar, t h eir a bilit y t o e x ert 

l ar g e  f or c e  duri n g  sl o w  c o ntr a cti o ns  a n d  mi ni mi z e  t h e  m et a b oli c  c ost  of  m us cl e 

c o ntr a cti o n d es pit e t h e l a c k of e n er g y e x c h a n g es b y p e n d ul u m ( N y a k at ur a a n d A n dr a d a, 

2 0 1 3) or el asti c e n er g y st or a g e/r e c o v er y m e c h a nis ms ( Bi e w e n er, 1 9 9 8). 
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