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In this supplementary document, we include:
e Proofs of the continuous normal theorems given in the paper.

o A detailed derivation of the polynomial corresponding to the
continuous force for linear trajectories.

e A derivation of stability conditions of 1D particle-on-plane
contact for Symplectic Euler and continuous penalty forces.

A Time-Varying Contact Normals for VF and
EE Pairs

Theorem 1: Continuous Normal Theorem for a Deforming Tri-
angle. Given the start and end positions of the vertices of a triangle
during the interval |0, 1], whose positions are linearly interpolated
in the interval with respect to the time variable, t. The unit normal
vector, Tir (t), of the triangle, at time t, is given by the equation:

o Bg (t) + 71 B%(t) + 7o B% (t)

fir(t) = 90) ;

(€]

where

o Bi(t) = - 2!

eyt (L =)

® ag,ai1,bo,bi,co,c1 are the start and end positions of the
three vertices of the deforming triangle, respectively.

o ¥, = a1 — ag, Up = b1 — by, and . = c1 — co.
® fig = (_bo - aoz ><_(Co - ao_), fia = (b1 —a1) X (1 — a1),
i, = 20 +"2_(”b_2”“)x(“°_v“), respectively.
T - T
o Lo = (g o), Ly = (A fix), Ly = (LMo ),
L3 = (AT ﬁg), Ly = (A% @), respectively.
e Bl(t) = th(1—t)*

z'(4 7)!

o« L(t) = /(Lo Lu ...

La) - (B3(t) Bi(t) ... Bi(D)".

Proof. We define the following terms: @; = do + Uy t, Et = 50 +
Up t, and & = o + U, t. The normal vector of triangle Aatbic: is
given as:

me = (b —dr) X (€ — dy
= [(bo — ao) + (Up — Ua) t] X [(co — ao) + (U — Va) t]
(bo — ao) X (co — ao) + (U — Ua) X (co — ao)t +
(bo — ao) X (Fe — Ta) t +
(T — Ta) X (Te — Ta) t°. 2)
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Let 7ip and 72 be the normal vectors of triangle Aagboco and
Aa1bic1, respectively. Then:

o = (bo —ao) X (co — ao), 3)
7_7:2 = (bl — CL1) (Cl — a1)
= (bo+ U — ao — ¥a) X (co + Ve — ao — Va)
(bo — ao) X (co — ao) + (Vb — ¥a) X (co — ao) +
(bo — ao) X (Te — Va) + (Tp — Va) X (Ve — Ta). (4)

Based on the above equations, we obtain:

— — —

Nne —Nog = (’Ub_Ua) X (Co —ao)+(b0—ao) X (176—’[),1)4-
(Up — Ua) X (Ve — Va)- (5)

We define:
&= (Up — Ug) X (Ve — Va)- 6)

Then from equations (5) and (6):
Tig — Tl — W0 = (Ub *'17,1) X (Co 70,0)4» (bo *ao) X (1_}‘67'17,1) (7)

By plugging the equations (3), (6), and (7) into equation (2), 1
can be represented as:

me = o+ (lz — o — &)t + &t
= Ao(1-1)%+ Wzt(l—twﬁﬁ?
= it B () + 2 B 1) + i B3 (1)
= iio By (t) + 71 B (t) + 72 B3 (¢). ®
And:
— 2 ST -
[[me][* = g
= (il 7o) B3 (t) B3 (t)
+  2(iig ) B3 (t) Bi(t)
+ (@ ) Bi(t) Bi (t)
+  2(iig 7i2) B3 (t) B3(t)
+  (7i 7i2) B3 () B3 (t)
+  2(f] #i2) Bi(t) B3(t). )
Based on the properties of the Bernstein basis functions, we have:
Bi(t)B3(t) = By(t)
Bi(t
swse = 20
2 B3 (t
BBy = 220
Bi(t
B By = 22U
Bi(t
s g = B0
Bi(t) B3(t) = Bi(t). (10)



By plugging the equation (10) into equation (9), we have:

(g 7io) Bo (t) + (7ig ix) Bi(t)

2 (711 1) + (715 7ia)
3

(i1 7i) B3 (t) + (7iz 712) Bi(t)

L(t) L(¢t). (11)

Based on equation (8) and (11), the normalized normal vector,
7ir(t), will be:

[l [* =

+ B;(t)
Jr

fr(t) = 55—

Theorem 2: Continuous Normal Theorem for Two Deforming
Edges. Given the start and end positions of the vertices of two
edges during the interval [0, 1], whose positions are linearly in-
terpolated in the interval with respect to the time variable, t, the
normal vector, g (t), between the two edges, at time t, is given by
the equation:

iio B (t) + iy B (t) + i5 B3 (1)
L'(t) ’

iip(t) = (13)

where
o B (t) = < f > (1—t) ¢
® ag,ai,bo,bi,co,c1,do,dr are the start and end positions of
the four vertices of the two deforming edges, respectively.
L] 17,1 = a1 — aop, ’Ub = b1 *b(), 170 = C1 — Cop, andﬁd = d1 7d0.
° ﬁ6 = (bo — ao) X (Co — do), ﬁ/z = (b1 — al) X (C1 — dl),

N e
Tig +n2 —w

= ,and &' = (Uy—Ta) X (0.—Ta), respectively.

’ ’
, ST ’ ST ’ 2 (i, T A+ (AT 7h)
o Ly = (g o), Lt = (fig my), Ly = ——1—15—0—22,
U U
Ly = (A7 #h), Ly = (fg" ith), respectively.

o Bi(t) = gy t' (1 —0)"7".

o L) = /(Lo Lt ... Ly) - (BE®) BAY) ... BI®)".

Proof. We define the following terms: @; = do + Uy t, I;t = l_;o +
Upt, Co = Co + U t, and cz; = cfo + U4 t. The normal vector of the
two edges defined by a¢, b: and ¢, d¢, respectively, is given as:
my = (b — i) x (& — dy)
= [(bo — a0) + (B — ) 8] x [(co — do) + (5 — ) ]
= (bo—ao) X (co —do) + (Up — ) X (co — do) t +
(bo — ag) X (Ve — Uq) t+
(T — Ta) X (Ve — Ta) t°. (14)
Let 73, and 7i5 be the normal vectors of the two edges defined by
ao, bo, co, do and a1, b1, c1, d1, respectively. Then:
(bo — ao) X (co — do), (15)
(b1 —a1) X (1 — da)
= (bo+ T — a0 — Va) X (co + Ve — do — Ta)
(
(

v
%) =
—/

Mo =

bo — ao) X (Co — do) + (17b — 17@) X (CO — do) +
bo — ao) X (176 — 77d) + (171, — ﬁa) X (ﬁc — 17(1) (16)

Based on the above equations, we obtain:

—/ —/

Ny — Ny = (171, — ﬁa) X (Co — do) + (bo — CL()) X (17(; — 17(1) +
(& — Ta) X (5o — Ta). (17)
We define:
& = (U — Ta) X (Te — Ta). (18)

Then from equations (17) and (18):
iy — 7o —& = (Up —Ta) X (co—do) + (bo —ao) x (Vo —va) (19)

By plugging the equations (15), (18), and (19) into equation (14),
My can be represented as:

—/

my

iy + (7t — 7y — &)t +d' t°

A+ i — &
2

o + 7y — & o -

fBl (t) +7’L2 Bg(t)

= iy By (t) + ity Bi(t) + 7ib B3 () (20)

= dy(1—1t)?+ 2t (1 —t) +iht°

= iy By(t) +

Analogous to the deduction in Theorem 1, the normalized normal
vector, 71 g (t), will be:

!
m}

ne(t = —
@ = T

iy B (t) + 7y B (t) + 15 B3(t)

VIZL Ly .. L) - (Bi(t) BEY) ... BA(#)T

_ o BY(t) + it BY 1) + 7 BE(1) o
0

O

B Computation of Continuous Penalty Force

In this section, we give the exact formula for the degree six poly-
nomial used for contact force computation. We use Corollary I to
derive this formula for VF contact force.

Coefficients of the Degree-Six Polynomial. For the evaluation of
the following equation:

i<N

- t -
I,=k Z/ (7ir)" (P — wa @ — wp b — w, &) A dt,
i=0 V1ta

where ¢ is the unknown. 7ir is approximated by a quadratic polyno-
mial (by replacing L(t) with Ly). p, @, b, € are linear polynomials;
Wq, Wp, and w, are scalars.

From Theorem 1, let:

Ar = at® +bt+eé,
ﬁfwadfwbgfch' = thJré,

where:
N o — 211 + 712
a = —,

Ly,
R 2Py — 7
p o= 2 =)

Ly,
. _ o

= I

d = po—waao — wpby — weco,

>
|

(pl —pO) - wa(al - aO) - 'wb(bl — b()) — 'lUc(Cl — C()).



The inner term of the integral corresponds to a degree-five polyno-
mial:

(7ir) T (F—wa G—wp b—w, &) fir = a't°+b't* +& t*+d t*+é't+f

where:
o = (@"da,
v o= (@Td)b+ @ e+b"d)a,
¢ = (@ dye+ @ e+b"d)b+ (0" e+e"d)a,
d = (@ e+b"dyée+ (" e+é"d)b,
¢ = (e+e"dye+ (e"e)b,
o= ("ee

Then we get the coefficients of the degree-six polynomial:

t;') .

[ ) e = ey i =
#

at® v det de | e
6 "5 1 T3 T

( + ol

Analog to VF contact force, we can similarly derive the coefficients
of the degree six polynomial for EE contact force.

C Stability Analysis of 1D Particle-on-Plane
Contact

The (continuous) motion of a particle with mass m under the action
of gravity and a penalty force with stiffness k centered at x = 0 is
described, through Newton’s 2" Law, as:

mv=-mg-—kuz. (22)

To analyze the stability of an integration method, we discretize the
equation above with a time step At, discard the gravity force term,
and write an iterative update rule of the form

z(t+ At) \ _ z(t)
( u(t + At) )*A< ot) ) 23)
The integration method is stable for time steps for which all eigen-

values ||[A\(A)]] < 1.

With Symplectic Euler (SE), the velocity and position updates can
be written as

VE+AD = u(t)— At % (), (24)

z(t+ At) = z(t) + Ato(t + At). (25)

In the form of equation 23, the update rule is
z(t+At) Y\ _ [ 1-APE At z(t) 26)
ot+AL) )T\ —akT 1 u(t) )

And the eigenvalue analysis yields At < 2,/%* for stability.

With Continuous Penalty Forces (CPF), following the formulation
in Section 3.3 in the paper, we first predict the velocity at the end
of the time step, which in this case is simply v* (¢t + At) = v(¢).
Then, we integrate the penalty force, and we obtain the following
average force:

At
P é/ﬂ —k(@(t) + 7o(t)) dr = —ka(t) — AL v(r).
@7)

The velocity and position updates with CPF can be written as

k k
o(t+ At) = v(t)—AtEx(t)—AtQ%U(t), (28)

z(t+At) = z(t) + Ato(t + At). (29)
In the form of equation 23, the update rule is
z(t+AY) Y\ _ [ 1-APE Ar— AtSELM x(t)
o(t+ A )T\ Atk 1 - ARk o(t) )
(30)
And the eigenvalue analysis yields At < /27 for stability.



