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Point Mass Physics Model
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Point Mass Model

• Point-mass state x = [x , y , vx , vy ] with gravity mg .
• Contact height d = max(0, hbox − y), normal force Fn = kd + c(−vy ).
• Friction force Ff = −µFn tanh(αvx ) provides horizontal damping.
• Semi-implicit Euler: vt+1 = vt + F

m∆t, xt+1 = xt + vt+1∆t.
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Point Mass Simulation Algorithm

Algorithm 1 Falling Box Simulation
1: x← [x0, y0, vx0, vy0] ▷ initial state
2: for t = 0 to N − 1 do
3: d ← max(0, h − y) ▷ check contact
4: Fn ← kd + c max(0,−vy ) ▷ compute normal force
5: Ff ← −µFn tanh(αvx ) ▷ compute friction force
6: F← [Ff ,−mg + Fn] ▷ compute total force
7: v← v + (F/m)∆t ▷ update velocity
8: p← p + v∆t ▷ update position
9: end for
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Rigid Body Dynamics Model

Ground

m
x

y

Contact

Fn

Ff

τ

mg

vx

vy

Rigid Body Model

• State x = [p, v, θ, ω] with inertia I = 1
12m(w2 + h2).

• Corners: ci = p + R(θ)clocal
i .

• Contact per corner: if ci ,y < 0, compute (Ft , Fn); torque τ+ = ri × Fi .
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Rigid Body Simulation Algorithm

Algorithm 2 Rigid Box Simulation
1: precompute local corner coordinates {clocal

i } ▷ contact points
2: for t = 0 to N − 1 do
3: F← [0,−mg ], τ ← 0 ▷ reset force and torque
4: for each corner i do
5: ri ← R(θ)clocal

i ▷ contact point
6: ci ← p + ri ▷ contact point in world frame
7: if ci ,y < 0 then
8: vi ← v + ω[−ri ,y , ri ,x ] ▷ contact point velocity
9: Fi ← ContactForce(ci , vi)

10: F← F + Fi ▷ update force
11: τ ← τ + ri × Fi ▷ update torque
12: end if
13: end for
14: update (v, ω) and (p, θ) ▷ update velocity and angular velocity
15: end for
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Composite Body Assembly
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• Multiple contact points: each corner can generate forces and torques
• Complex geometry: T-shape creates asymmetric contact patterns
• Total torque: τ =

∑
i ri × Fi from all contacts
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Composite Body Simulation Algorithm

Algorithm 3 Compound Body Simulation
1: precompute geometry list {geomj} with local vertices and masses
2: compute total mass, COM offset, inertia about COM
3: for t = 0 to N − 1 do
4: F← [0,−Mg ], τ ← 0 ▷ reset force and torque
5: for each geometry j do
6: for vertex clocal in geomj do
7: r← R(θ)clocal ▷ contact point
8: c← p + r ▷ contact point in world frame
9: if cy < 0 then

10: compute contact force and add to F, τ
11: end if
12: end for
13: end for
14: integrate (v, ω) and (p, θ)
15: end for
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Rolling Circle Dynamics
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Rolling Cycle

• Consider a single contact point beneath centre r = [0,−R]. (multiple points?)
• Consider only the rolling friction, not the sliding friction. (both frictions?)
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Rolling Circle Simulation Algorithm

Algorithm 4 Rolling Circle Simulation
1: for t = 0 to N − 1 do
2: F← [0,−Mg ], τ ← 0 ▷ reset force and torque
3: r← [0,−R] ▷ contact point
4: c← p + r ▷ contact point in world frame
5: if cy < 0 then
6: vcontact ← v + ω[−ry , rx ] ▷ contact point velocity
7: (Fc , Fn)← ContactForce(c, vcontact) ▷ compute contact forces
8: F← F + Fc ▷ update force
9: τ ← τ + r × Fc − µroll Fn sign(ω) ▷ update torque

10: end if
11: update velocity and angular velocity
12: end for
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MuJoCo Configuration

• condim=6 enables sliding/torsional/rolling friction; tuple (µslide, µtorsion, µroll).
• solref from k, c: timeconst =

√
m/k, dampratio = c/(2

√
mk).

• Inertial properties: Iy = 0.5mR2, Ix = Iz = 0.25mR2 + 1
12m(2R)2.
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Numerical Integration for Rigid Bodies

Explicit Euler

vt+1 = vt + at ∆t
pt+1 = pt + vt ∆t

• Less stable
• More energy drift
• Simple to implement

Semi-implicit Euler

vt+1 = vt + at ∆t
pt+1 = pt + vt+1 ∆t

• Most common
• Good balance of

stability and simplicity

Implicit Euler

vt+1 = vt + at+1 ∆t
pt+1 = pt + vt+1 ∆t

• Most stable
• Requires solving for

at+1
• Good for stiff contacts

Other integrators: RK4 (more accurate, more stable, more expensive).

Chunwei Xing Physics Simulation Tutorial 17 of 18



Assignment - Interactive Simulator

Ground

Ball
W

D A
S

Goal

x
y

Task: Design an interactive simulator, and you can apply forces to the circle using
your keyboard.
Rules: Assume you get a passing ball from your teammate, and you need to kick at
least 1m away from the goal.
Bonus Points: For people who submit the code and a video of themselves (only your
hand and your laptop’s screen) playing with it to score a goal.
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