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Forces on the climber (extended mass model) Fy @

Summing forces along x and y and assuming equilibrium

fo+ Fycosa—mgsing =0 (A)

F+Fysina—mgcos@=0 (B)
Taking torque about the climber’s feet:

Tr(feet): FyLsin(a—¢)—mgt.cos(g+8)=0 (®)
Equation (C) yields directly:

= mg.t COS(9+ ¢) (6 of manuscript)
sm(a — ¢)

From equations (B) and (6)

F,,=mgcos@—F,sina = mgcos@—wsina =mg cose—wsma

sm(a = gﬁ) sm(a - ¢)

(7 of manuscript)
From equations (A) and (6)
mgt 005(6 + ¢)
sin(e — ¢)

Jo=mgsin — F,; cosa =mgsinf —

tcos(6+ @) ]

sin(a - ¢) .

(8 of manuscript)

cosa = mg[sin@ =

Stability — Finding dyin
The maximum value of the static friction force is

Fap =il =3 o :img(cose—wsinaj
sin(a — ¢)

When the friction force is at its maximum possible value (at ¢ = ¢, ), fo = fs:

tcos(8+ gy ) tcos(6+ ¢S)sin a]

- [Sine B Sin(a S ¢s) Sin(a — @ )

cos aJ = i,u(cos &—
Multiply both sides by sin(a — ¢, ), expand out sines and cosines, and rearrange:
sin @sin o cos ¢, —sinf cosaxsin ¢, — 1 cos & cos g, cos a + ¢sinfsin g, cos

= +(cos &sin or cos g, — cos & cos arsin g, — 7 cos & cos @, sin o + sin Hsin g, sina Ju

Divide both sides by cos@cosa cosg, and rearrange to get the two solutions:
+* ,u(l = t)tana +f—tanftana
s /,z(l —ftan Btana)— (1— t)tan@

tan g, = (the “+” gives equation 9 of manuscript)

The “+’ solution provides a minimum value for ¢ while the ‘-’ solution (relevant when & <
90°) provides a maximum value, see figure 6.
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Stability — Finding ¢y
Maximum hand force |F Hl = amg (a > 0). Setting Fy = * amg in equation (6) of manuscript:
+ amg = tmg cos(0 + ¢y )/ sin(a — ¢, )

= tasina cosgy F acosasing, =1cosfcosg, —1sinfsin gy
Dividing both sides by cos¢y and rearranging yields:
?sina+(l‘/a)cost9
tang, =— -
Fcosa+ (r/a)sm 6

(the “+’ 1s equation 10 of manuscript).

The “+’ solution is the only one that provides limits on ¢ for the examples of this work.

Maximum value of @ for stability when a = 90°

Maximum hand force |F Hl =amg (a>0). Atthe largest stable value of 0, ¢, =4, (see
figure 6, middle panel on left). Selecting the positive signs in equations (9) and (10):

- | _ ﬂ(l—t)tana+t—tan9tana | _,u(l—t)—tan@
Slaoo y(1—rtan@tan & )—(1—1)tan 6’|a_>90) — wttan @
sina + tcos @ 1+tcos@
tan ¢H |a—>90 = S et P = = ik
cosa +tsinf|, o tsin @
; 1-#)—tan@, 1+7cosd,
—tand, tsind, .
; in &
= ,u(cos o I 1)= sinf,, = 1= e tan(ﬁmaX /2)
cosd . +1
Forp =12, 6, .. = 2arctan £ =127°

Minimum value of & for stability when 8 = 90°

Maximum hand force |F Hl =amg (a>0). Atthe smallest stable value of o, ¢, = ¢y, :

y(l—t)tana+t—tan9tana | —tana

|9—’9° B (1 —ttan Otan o )— (l—t)tan@leaw (r—1)— wtan o

tan @

sina +tcos sin &
tan¢H|9_)90 -

cosa+tsinf|, op cosa+t
—tana sina,
(t—=1)— pttanex,~ cosa, . +1t

Setting @, =@y, :

' CoS Xy +1 1
=cosa,, +1=usina,_,, = u= o g ——
min min

Foru=2, a,, =2arctan(l/u)=753.1° and at this value of o, ¢=sina/(cosar+1)=32.3°
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