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( i) { I. I , B ) frame is

defined only be the

space curve I .

the maternal frame

{ diode, das ) also encodes the orientation of the

cross - sector , and
will differ if there is twist .

I
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( ii) dis -I
§
,
#I¥:→ £ ,

did we
.

co - planar W IB ,

ie the material frame for the cross-sector ,# ¥4

will satisfy d. = cost I + smh B where lls) is the

£, = -say It cost Be register anglein -

TINA needed ]

The curvature vector it satisfies
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= Uz de - u.dz (3)



⇒ cost .N
'

- smell'µtSmYB
'

+ cost IB

= Ug l -sink + costs)
- U> I

using the Freenet relations and equating components :

I : - hosp = - uz → U=KcosT/ IT ]-
-

f : - sine Y
'

- Tsim = - us sine →1ug=4/ 47

We can
obtain U, via (33.12 → u, = - £3

'

.dz - - KN - f-Sindy
- host B)

- usint / ft ]



(b)

4) The kinematic equations {
I'b) = d→ ,

d- i' b) = Indi

&,
'

= I da - ti d-
sayy=ñ£ +I d-3 , read { §; = -Ed , [ I ]

a ↳ 1¥. ,

±:*

- asm 1.)

I = ( /→ I' = &
,
=a+b¥ / a cost - I /a soul - )

b

b÷
cos I -1

Then d-i - =s.nu/--iad-i--Li--aI-/idi---/s?;F/a4-b~/
And d.

'
=
-1 si? 1) = - is &, + Edna (3)Fb' / - cos I 1

i. I I !É sin1)
But dsz = dy n da =

sink F- cosh ÷ / = (-¥ cost - ) |- cost) -sull o

÷

. :-p = d-i-dz-a.IT/→



(b) Iii)

4=10 ,Kit)

Yi =/ 0,5s ,-E)
→ ☐ = K2 (k - ti)&z + Kzt -E) d→

nth)=Me→ ⇒ kzlk-ti-dz-e-ztkzl-c-E.dz .¥=M

Using ,
£2s d-

3
as computed me

too, fz]
we get Kzlk-k^)a_+kzt¥÷=M)
Noting
x=¥5a=*÷,.b%÷

.

•
: this can be written the

+ Ks
= M [ 1)
=

Elke ,

- Kiri )

For the other relative
,
tan to force and moment

balance : FB y
'
_- Q W 147 - NEZ

→ I = Nest is constant ← [ I ]
MB : m_

'

+ [
'

ne = Q We have I' =

kzlk-klditkzlz-EHI-f-kz-elk-ktkzkt-iyd.in
I j cost I µ )

and I^I=d→^1=|÷siuH f- costs j¥|=¥÷ . / Sint 1)
0 0 0--5
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•
: we have - Rza (K-K) tkzkt -E) -Na_ ⇒

Tatts

⇒ f- Kalk - E) t Kkk -⇒I -

= N

- H
"

Filk ,Tik ,E )



② (a)

( i) Energy E =/ ds /8 +2kHz tggh)
I

=/ dxdyFG
' /8 +2kHz + ggh)

Now use Feta -- (Ithaki)'t

not + Eleni-44+0 th")
,U

H=z¥ /hxxlith;) + hey 11th:) -Zhxyhxhn )~{µ⇐+hyy) + 0th)
⇒ 2kH' ~ EK#hit 0th)

Thes
,
E ~ / dxdy (✓ + {8th + { kkihti-qjhi-h.at)

&]
U

To minimise E
,
set §e Elhtaqk.es//--oE--o-sO--fdxdy(8Th-vqtKFh-iq+pajy)
"

° T.tvhyl-y-YF-T.fvq-v.tn) -THEY (2)(
=/ dsfy-vht-th-vyf~N-fdxdyf-ihy-T-ih-vy-p.gg)
ou § I t u f ¥ F-Fly-in) -j"hNormal me

to ou

=

,
/ ds (y/8Th -k-v-itift-vy-TY.ir#dy/8-ih-k-ih-pj)y.:aIsE--uT-⇒=-ei⇒÷h-÷=É

with I
Th. !

ii) BC if tht ✗ ¥
"

= rlxiy) on OU
.
we must require

③
yt

✗ ¥ =0 on OU .

The body term A becomes

18Th - k-v-ihl.LV
- IFL - setting this to zero forms the

2nd boundary condition .



Liii) We are given
8--10

>

Hmm ,

14=10
>

Nmm
, p=z,§=Y÷

- we scale lengths by L :
h' = ¥

,
✗
'

= É , y
'

- I

→ 1¥
"h

'

- §⇒hi =
- pig ⇒Titi - ✗Titi = - p

T T T

Bending stretching Grant

ID✗ =
= mÉ

p=iÉo=ii¥¥±w÷ .io?yI.IE.--io-' i.⇒
%¥

.
: stretching ~ Gravity

if ✗up ,
ie Lnlomm

• For L - W mm ,
✗~ pnloo ,

so bending negligible

bending & surface tension to balance
,

• For

need ✗ not → L - 1mm

→ pn 10
"

so gravity negligible {3]



(b) ( it h=hk7 only w/ 8--81×7

The
energy is Elhki =/ dx 18+181'kT+&kh"kT+pjh)

lk

Then E. Elhtaylx } / =/ dx / 8Wh'k)q'k)+kh"k1jH+pgy)
8-0 Vx

=
8h'z+kh"z

'

- Kh"y / - fdx / (¥18k' ) - Kh"
"

- gag)⇒→
int . by dlk 4

parts twice
i. The Euler-Lagrange eju for h is µ]

%=-i/
( Ii) We have k=o

,
8=8.11 - eÉ%)

→ ¥18k)hik)= gig ,
w/ HEE)=o

We seek huh
.
+ uh, + . . ,

and write 8--80 - Up

→ ÷ / 180 - exp) lhitahi . .)) - pg Hp : -Keep /¥ ) )

⇒ ¥ Ikki to Ikki -8pm . . ) = gag

04-7 hi = 9^8
or h.EE/--o (3)

has Solin |hg¥¥-µ so say
of

healthy tissue

is how ) = - f§÷



At 014
, ¥18.4,

'

-8*1--0 ⇒ hi =¥le¥ .hit

→ hi __ c. + É%: 90¥ 111
→ kik = ax + If

""
ax + a

80
~µ=ÉÑ ,

du = dx)
↳

= -I
%

We have

h
,
=
- gigot

- ¥2

I
e t a ✗ t.cz . Apply BC :

o= - 9§. e-¥
'

± + a ⇒

4--0 '

G.= pigs
'

g-
exp /¥-4

Gmgthe•"g÷i.É ⑦h,W=p§
• : the change m say

due to tissue damage

Bahia=ef? ( e-
"hi
- 1)

halo) < 0 ⇒ - The tissue sags more

121#×
hotelm



③ (a)

Ci) Volumetric growth satisfies dv=qdV
on Tet

.

not element
→ rZdr=qRZdR current

volume dV=R2sinYdPdGdR

go
orekmhhtdr-ismydpdgdr-r-zlfl.ly

%) Diffusion ejnosuf-D.TK - Q
- we can assume quasi

static equal , Uioño ,
if

the dear timescale is much s_¥ than

the growth timescale
,
defined in if _- Kyu

• setting at -0 → D.FI/rjE)--Q
→ idI=§☐rÉa Now apply ÷-=o at r=a=A

→ q =
- Q_a3
s☐

-

Then I÷=z¥(r - ¥ )

→ u=z¥ /¥ -1¥ / + cz ,
d ul b) = U ②

a- U - ¥1 ¥1
However

,
we require Uzo ,

so formula above

will cease to be valid if b large enough
that u to before r=a

. [1)
- in which case

,
we replace no flux cord .

W ulñ) -0
, w/ ai dat'd via ¥12) -0



° we switch to this scenario when Ula) -0

in previous
Solh

. .

: busy det'd from

celal -- 3¥17 +E) + U -SELFIE) -0

ie ¥ b
'
t ⇐ a

'

tu) b - ¥ as so
②

( iii) fbr ' dir ¥BqR2dR ⇒ ftp.a3/--afByRdR
⇐ b' ¥ :i÷:;r :S: . !:* ③
Now plug in ult = # I + Ir ) + U -¥ ( Etfs) -0

Then 1bar'dr= # ( KII't IIb
'

- a' 1) + fu - 3¥17't:L] .b3jI te

Foi a
,
b both ok) ,

I n I 18 -as) to lbs)

so Itf n k¥1 b÷?)→ bzb÷,db=¥dt (2)

I h( b.3- as) = KIT + c

Kut

bio) --B⇒ c - I lnlBE 3) ⇒ b3=a3t (BEAS) e

so early behen.su : bnfastfB3.AZ) @Wtf
} / I /



③ (b)
cis

F -

- diaglrlrd , E. E ) , A- diagla.az , da) ,

G. = dragIK ,
kik)

F-AG - rim - 8,4
,
E -- ah gz)

• incompressible es ma
'
-

- I ⇒
'II ⇒

→ Mdr = 8,83 R'DR → r3-A3-8.VE/R3-A3T/
(d RIAS -

- A)
✓

(ii) We are given Wla
, 22,22) and

dirt -O as II + 2t to

The constitutive law T -

- AIT - PA reads

in component form ti - 48¥ - p

1¥ : :÷÷÷←%÷:±.

If define 2=22 ,
ther L, = ÷

→
(Wi

FE. ]
and Wla) = WII . x. a)

→ Wild -

-
-I, W, threw, → ahhh) -

- 214W. - aw,)

"

2W,
[2)



- atrial = 2 It. - til ⇒ grE= aim
now , E -

- Ia TE et t -- Er- Fr -- Er - IEEE
tht u

"

& I

⇒ Er .- Ia ⑤it. - E. ) E F

→ a±= mirin
121

dL 8 , -82×3

On outer edge ,
d = FB =: dB ,

On inner edge , L = IT =: La
↳
of ,

dB

- t.la) = - f * do = - f Y'IIF da
LA LA

W -

- Az lait Zai - 3) ⇒ WIN TEI I'
+23 - 3)

so ht 't al -- 2mV - I
'

)
, this

/
Hai --urinary

G

-



liii)

(B) is the case 81=7 , 82=1.2

• circumferential growth plus
adhesion to fixed

core creates compressive hoop stress [21
throughout -

☐ Igrows
• and material B stretched m

radial director

since no radial growth → t, zo

(A) os the case 81=1.5 , 82--1

- radial growth generates radial compression
-

if no circumferential growth . (2)
• outer surface B stretched

E) →
grows in circumferential direction,
to

so hoop stress £1B) >0



in = Er ,
a = II? IT - II -- I

Ea -
- IE Ff re KAR → II - Kat KREE -

- IT

& IT .- III - ÷. -
- Ea. - E. ÷ . ÷
-

H

£ /
K - ka
'

E. I



- atrial = 2 It. - til ⇒ grE= anilin)

(iii) Outer edge is stress free ⇒ t, lb) -0

b

Thus ,
tilt = ! II der = - I third'dr

A

• Now ,
W -

- Az lait Zai - 3) ⇒
W

-

- Az ( 54+222-3)

.

⇒ atrial = -zu ( I
"
- za
'

)

and a- Iz =

I
It

= air,

KR

and dr = 2,8, DR = DR

bylpi-2-RY.8.de# )→ t, IA) = 2M ) rue)I


