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Fig. 1. Woodstock framework simulates tree decomposition by modeling anisotropic moisture transport, fungal decay, and volumetric strand-based wood
mechanics. The result is a coherent end-to-end breakdown - from drying- and decay-driven weakening to hollowing, cubical fragmentation, and debris

accumulation.

Fungal wood decay is a complex biophysical phenomenon that involves the
degradation of a variety of structural wood components, ranging from lignin

“Equal contribution.

Authors’ Contact Information: Zhanyu Yang, yang2334@purdue.edu, Purdue Univer-
sity, 305 N University St., West Lafayette, IN, 47907-2021, USA; Nikolas A. Schwarz,
nsch@informatik.uni-kiel.de, Kiel University, Christian-Albrechts-Platz 4, 24118 Kiel,
Germany; Bosheng Li, li2343@purdue.edu, Samsung, 4052 Mahaila Ave. Unit B, San
Diego, CA, 92122, USA; Dominik L. Michels, dominik.michels@kaust.edu.sa, KAUST,
Thuwal 23955, KSA; Bedrich Benes, bbenes@purdue.edu, Purdue University, 305 N
University St., West Lafayette, IN, 47907-2021, USA; Séren Pirk, soeren.pirk@gmail.com,
Kiel University, 24118 Kiel, Germany; Wojtek Patubicki, wojciech.palubicki@amu.edu.
pl, Adam Mickiewicz University, 61-614, Poznan, Poland.

This work is licensed under a Creative Commons Attribution 4.0 International License.
© 2026 Copyright held by the owner/author(s).

ACM 1557-7368/2026/7-ART155

https://doi.org/10.1145/3811376

and carbohydrates to defensive chemical agents. All these substrates serve as
varying resources with different material properties that determine the rate
of fungal propagation and the structural integrity and color of decaying wood.
We propose a novel approach to simulate the dynamic interactions between
the biological and mechanical components of wood decay, including fungal
colonization, chemical defense, and moisture-driven fracture. We propose a
novel volumetric representation of trees that includes grain-aligned mesh
generation, internal moisture dynamics, and tissue-specific health states.
Furthermore, we model the anisotropic diffusion, consumption, and resulting
material failure caused by white and brown rot fungi. This allows simulating
and rendering 3D volumetric decaying trees that realistically capture key
aspects of the process, such as the progression of cuboid fracture patterns, the
hollowing of trunks, and the effects of environmental moisture on structural
stability.

CCS Concepts: - Computing methodologies — Mesh geometry models.
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1 Introduction

Trees are complex living organisms, and their shape and color are
in uenced by external factors, among which fungi play an impor-
tant yet often neglected role. Fungal decay is a ubiquitous natural
process that signi cantly a ects the wood of trees in forest ecosys-
tems and in man-made structures. Speci cally, the decomposition
of wood is responsible for the annual release of gigatons of carbon
and the creation of essential habitats for biodiversity [Boddy et al
2008]. Wood decay is the progressive, often invisible degradation of
ligni ed tissues that involves not only the consumption of structural
components such as lignin and carbohydrates but also the dynamic
interplay among moisture, chemical defenses, and fungal mycelium.
These biological events lead to tree failure, property damage, and
signi cant changes in forest stand dynamics. However, the mecha-
nisms underlying the transition from a microscopic fungal infection
to catastrophic structural collapse are complex and not fully under-
stood. Therefore, to advance our understanding of the dynamics and
progression of wood decay, we argue that it is critical to carefully
simulate the feedback loops of fungal growth, material anisotropy,
and the degradation of di erent tissue types. By creating realistic

plausible dynamics of structural loss and its behavior under exter-
nal forces. Furthermore, we include comparisons with real-world
decay observations that demonstrate that the emergent phenomena
expressed with our simulations, such as immune-induced barrier
e ects, correspond to those observed in nature.

Fig. 1 shows a rendering of a complex decaying tree trunk created
with our framework. The simulation parameters have been set to
de ne an active brown-rot infection that consumes the carbohydrate
components of the wood distributed throughout the scene.

In summary, the contributions of our paper are: (1) a novel cou-
pled reaction-di usion model that accounts for the distinct con-
sumption patterns of white and brown rot fungi; (2) a moisture
dynamics framework describing the impact of anisotropic shrink-
age and chemical defense mechanisms on material integrity; (3) a
method for coupling a mechanical model of wood with the fungal
disease model to account for realistic wood decay.

2 Related Work

Tree FormUnderstanding the shape and form of plants has been
addressed by many computer graphics works as well as in develop-
mental biology [Pa2ubicki et aR019]. The procedural description

of tree form initially relied on formalisms such as L-systems, which
can capture a wide range of botanical structures [Prusinkiewicz et al
1993; Prusinkiewicz and Lindenmayer 1990]. However, manually
deriving the generative rules for speci ¢ species remains a complex

3D simulations, it is possible not only to enable safety assessments task. Consequently, recent approaches have sought to infer these
but also to create applications for safety assessments and complex rules automatically using machine learning techniques [Guo et al

CG e ects for movies or games.

2020; Lee et a024], or to reconstruct plant geometry directly from

A number of approaches have recently addressed the genera- scanned data [Cieslak et.&024; Kadu»ny et.82024; Liu et al2021;

tion of more realistic models of trees and the related physical pro-

Livny et al. 2011; Zhou et aR023]. To enhance biological realism,

cesses between vegetation and the environment. These methods many methods leverage heuristic algorithms that simulate the com-

range from developmental algorithms for detailed branching struc-
tures [Pa2ubicki et a009; Runions et a2007] and environmental
adaptation [Makowski et al2019] to the response of vegetation
to wind [Habel et al 2009; Pirk et al2014], and fracture [Li et al
2025]. However, coupling intricate internal grain structures [Lars-
son et al 2022] with complex reaction-di usion systems, while also
simulating the anisotropic shrinkage and fracture of wood, remains
a challenging objective. To the best of our knowledge, no method
has simulated the various types of distinct rot patterns such as
the cuboid cracking of brown rot or the brous stringiness of white
rot that are controlled by the breakdown of chemical components
within the wood volume.

We propose a uni ed multi-scale representation for simulating

petition for light and space, leading to the emergence of complex
natural patterns [Pa2ubicki et a2022; Pa2ubicki et £2009; Pirk et al
2012a; Runions et .&005]. These principles have been successfully
extended to climbing plants [Benes and Millan 2002; Hadrich et al
2017; Wong and Chen 2015] and inverse modeling frameworks that
t parameters to real-world observations [Niese et &022; "ava

et al 2014]. Procedural models are often parameterized to allow for
artistic control [Lintermann and Deussen 1996; Longay eai12],
while sketch-based interfaces have been combined with develop-
mental algorithms to guide high-level structure while delegating
details to the procedural system [Anastacio et 2006; Benes et.al
2009; Chen et aP008; Neubert et aP007; Okabe et a2007; Tan

et al. 2008; Wither et al. 2009].

3D fungal decay. We generate 3D models of decaying wood based Tree Dynamic8eyond static morphologytree dynamicaddress

on a strand-based representation each piece of wood is de ned as

the interaction of vegetation with varying environmental conditions.

a collection of strands and rod elements. Based on this representa- Some methods model responses to biomechanical stress [Hadrich

tion, we can e ciently model the internal degradation of complex
wooden structures. To simulate biological decomposition and me-
chanical failure, we develop a novel mathematical model for the
propagation of fungi and moisture throughout the wooden tissue.
Our approach realistically captures decay patterns in di erent
tissue contexts, ranging from the localized hollowing of heartwood
to the surface degradation of sapwood. By including representations
of tissue health (lignin and carbohydrates), our method captures
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et al 2020; Maggioli et aR023; Wang et ak017; Zhao and Barbif
2013], wind forces [Habel et 22009; Pirk et al2014, 2012b; Quigley
et al 2018; Shao et 22021], and the coordinated function of shoots
and roots [Li et al 2023]. These approaches typically couple a wind-
eld representation with a physical response model to deform the
tree geometry. More recently, the destructive interaction of wood
with re and combustion has also been explored [Kokosza efal4;
Pirk et al 2017]. However, thénternal wood structurbas primarily
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Fig. 2. (a) The input to our method is a skeletal graphfrom which we construct a strand-based volumetric representation and the rod-element graph
' that defines the shared data structure for the wood, the mechanical, and the fungal model. (b) The mechanical model evolves rodmigiesth

XPBD constraints on strand chains and

integrity, and fungal activity both alters and is regulated by the wood state.

connections, parameterized by rest o set9, rod rest lengthsa, moisture-dependent strain limits " ©, and
an edge-wise integrity factorgg (c) The wood model advances moistureand host health state' ¢

» 1Ge«€ (d) The fungi model updates white- and brown-rot activitiés g «' 1 °, whose growth is moisture-gated vidg.; *"
Arrows denote the principal couplings: moisture drives shrinkage and failure thresholds in mechanics; host state modulates moisture transport and mechanical

2¢ . °, with health-dependent moisture di usivity
° and coupled to host condition.

been studied from the perspective of surface appearance [Buchanan simulation. In the biological sciences, the topology of mycelial net-

1998; Larsson et a82022; Yang et aP019] or growth rings [Kratt
et al. 2015; Larsson et a025]. Successive instances of decaying

works has been modeled as a resource optimization process [Fricker
et al. 2017], yet these methods do not account for the volumetric

trees have been used to enhance virtual ecosystems in [Peytavie degradation of the host substrate. The mechanical consequences
et al 2024]. Several recent works addressed the appearance of theof decay are well-documented in arboriculture, where distinct rot

internal wood structure [Larsson et a2024, 2022]. Our work builds
upon strand-based representations [Hadrich et2020; Holton 1994;
Kleiberg et al2001; Li et al2025] and extends them with a physical
framework for simulating structural tree degradation.

Rod Physic§Ve rely on rod physics to simulate the mechanical
behavior of strands. Numerical methods for tree dynamics gen-
erally fall into two categories: volumetric discretization, which
employs techniques like the nite element method on tetrahedral
meshes [Kratt et al2015; Wang et a013; Zhao and Barbif 2013],
and centerline extraction, which models branches as connected
curves. Our approach belongs to the latter. We utilize Cosserat rods,
which model each branch as a one-dimensional continuum with em-
bedded directors, enabling accurate simulation of bending, twisting,
and stretching. Introduced in the context of graphics by Pai [2002],
the Cosserat model has been widely adopted for slender structures
such as bers [Spillmann and Teschner 2007], nets [Spillmann and
Teschner 2008], and hair [Bertails et @006; Michels et aR017,
2015]. Kugelstadt and Schomer [2016] integrated this concept into
the Position-Based Dynamics (PBD) framework, a formulation that
has proven highly e ective for simulating complex tree dynamics
in recent years [Maggioli et al2023; Pirk et al2017; Shao et al
2021]. Recently, Hsu et.dR025] proposed a stable formulation for
Cosserat rods, further advancing the robust simulation of slender
structures and complementing the growing use of rod-based models
in graphics.

Fungal Modeling and SimulatioRungal modeling remains an
under-explored area in computer graphics. Early work in this do-
main focused on the visual weathering of wood surfaces [Chen et al
2005] or the propagation of lichen on stone substrates [Desbenoit
et al. 2004], primarily for rendering purposes rather than structural

types, such as the brous degradation of white rot versus the cubical
fracture of brown rot, drastically alter the material properties of the
wood [Schwarze et aR000]. Our work bridges these domains by
coupling the biological propagation of fungi with the mechanical
response of the strand-based wood volume.

3 Overview

Our main goal is to develop a novel volumetric framework to simu-
late fungal propagation through the wood and its changes. We build
on the strand-based fracture framework of Li et §025], which
focuses on mechanically driven failure, and extend it to a coupled
biophysical-mechanical model of wood decay. The system is orga-
nized into four coupled components (Fig. 2): (a) a strand-basesad
representatiobuilt from a skeletal graph, (b) mmechanical model
based on Cosserat rod physics and their volumetric couplings, (c) a
wood-state modéhat advances moisture and host condition, and (d)
afungi modelthat advances white- and brown-rot activities under
moisture- and host-limited growth.

The input is a skeletal graph describing the tree topology, an-
notated with planar cross-section pro les at nodes. These pro les
de ne a packed strand group (Fig. 3a-b). We resample strands
into rod particles and rod segments and group consecutive parti-
cles with their connecting segment intmd elementé~ig. 3b). To
couple strands volumetrically, we build thed element graptREG)
by connecting nearby rod elements ingegment pairthat repre-
sent volumetric connectivity (Fig. 3c). This REG is the shared data
structure for both mechanics and biophysics (Fig. 2a): it de nes
the integration domain, neighborhood exchange, and the location
where the fungal-mechanical feedback occurs.
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The mechanical solver evolves rod-element staes)® under
XPBD constraints on strand chains and REG connections (Fig. 2b)
It is parameterized by per-edge rest o set9, strand-wise rod rest
lengths;a, moisture-dependent strain limits1" °, and an edge-
wise integrity factor ggthat controls whether REG connections are
enforced (Sec. 5-5.4). In our coupled settint, ° and goare not
constant: they are updated from the wood-state and decay elds,
enabling progressive weakening and fracture.

We store per-rod-element wood state variables on the same REG
discretization (Fig. 2c): moisture and host conditiort« ¢ .°,

i.e., chemical defensesand health fractions for carbohydrates and
lignin. Moisture transport is advanced by di usion with volumetric
source sink terms (Eq. 15), and its e ective di usivity depends on
tissue condition (Eg. 20). Moisture then drives shrinkage and failure
thresholds in the mechanical model by updating rest quantities and
limits (Egs. 16 18), as summarized by the couplings in Fig. 2b c.

White- and brown-rot activities"' g«' 1°are advanced as reaction
di usion processes on rod elements (Egs. 8 9), with moisture con-
trolled growth ratesUg.; " °© (Eq. 10) (Fig. 2d). Fungal activity con-
sumes host substrates via the health dynamics (Egs. 12 13) and

Fig. 3. (a) We start from a skeletal graph G annotated with planar cross-
section profiles at nodes. (b) The profiles define a packed strand group SG,
discretized into rod segments and their centers (simulation primitives). (c)
We build the rod element graph (REG) by connecting nearby rod elements
into segment pairs that represent volumetric connectivity; disconnecting
these pairwise connections yields fractures and segment separations, which
we render as wood splinters in our framework.

hardwoods, eventually reducing the wood to a soft, spongy mass

induces defenses through Eq. 14. This closes the biophysical feegthat retains some tensile strength but loses compressive stability.

back loop in Fig. 2: fungal dynamics alter the wood state, the wood
state modulates transport and growth, and the resulting condition
elds update mechanical parametersy(' °, gg that govern fracture
and separation.

To support physically plausible post-failure behavior once REG
connections are disabled, we additionally simulate contact between
detached components using capsule-based repulsion (Eq. 4) an

particle-wise friction (Eq. 7) (Sec. 5.4). This enables broken pieces

to collide, separate, and settle into plausible debris con gurations
in our results.

4 Biological Background

Decay is typically initiated by an infection event such as wind
damage, insect vectors, or root grafting. Once a fungus colonizes
the host, it releases enzymes that break down cell walls and cause
moisture levels to uctuate, which inturn allows the mycelium

to penetrate deeper into the wood volume [Brischke and Alfredsen

2020; Goodell 2020]. This process, known as colonization, can cause

rapid degradation of structural integrity. The rot can then spread
from heartwood to sapwood, and spores can be carried by the air to
infect new wounds in other areas [North Carolina Forest Service
2005]. Another physical phenomenon that can contribute to the
spread of decay is moisture transport.

As the fungus metabolizes the wood, it extracts metabolic wa-
ter and transports moisture from the soil, creating conditions that
favor further growth even in dry environments [Forest Products

Brown rot fungican be highly destructive to structural stability, char-
acterized by the rapid depolymerization of cellulose while leaving
the lignin matrix largely intact.

The removal of carbohydrates causes the wood to shrink signif-
icantly upon drying, creating a complex pattern of cubical cross-
checking cracks that can break with high brittleness and create

dsigni cant structural hazards. This results in the wood crumbling

into cubic chunks, a phenomenon often described as cubical rot,
as shown in Fig. ANood defense mechanigpiey a crucial role in
slowing these processes. Trees actively compartmentalize decay by
depositing antifungal compounds, such as tannins and phenols, to
wall o infected tissue. This creates a dynamic barrier where the
rate of fungal advance is opposed by the tree's metabolic response.
Finally, moisture-induced failurg/pically occurs when the compro-
mised wood dries out. As the internal moisture content drops below
the ber saturation point, the anisotropic shrinkage of the wood
exerts stress on the already weakened tissue. In decayed wood, the
loss of structural bonds allows these shrinkage forces to propagate
cracks along the grain and across the growth rings, leading to a
structural collapse [Brischke and Alfredsen 2020].

5 Modeling Wood Mechanics

Our model operates on the strand-based representation introduced
by Li et al [2025, 2024]. The input is a skeletal graphwith planar
cross-section pro les at nodes. A set of xed-radius strands is gener-
ated as cubic B-splines whose control points are strand positions on
these pro les. Strand positions on each pro le are optimized with

Laboratory 2021]. This can cause the decay to spread persistently PBD to avoid collisions, which determines the branch cross-section

and unpredictably, making it di cult to detect. The rate of wood
decay also depends on the tree species, the environmental humidity,
and the type of fungus, such as white rot or brown rdhite rot
fungi tend to degrade both lignin and cellulose, resulting in a soft,
brous texture. The selective consumption of lignin allows the re-
maining cellulose bers to separate, leaving the wood with a stringy,
bleached appearance. White rot may spread more thoroughly in
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packing and thus the volumetric distribution of strands.

From the initial strand set, we derive a randomly subdivided
strand group(  used for physics and meshing. For each stranl in
we samplerod particlep along the spline and connect consecutive
particles intorod segment#\ rod elemenis de ned by two adjacent
rod particles, their connecting rod segment, and the segment center.
Rod elements are the simulation primitives that store kinematic state
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(position, orientation, velocities) and material parameters (moisture,
moduli, strain limits, rest length, and mass).
To couple strands volumetrically, we build a multi-connected
REG. Its nodes are rod-element centers; REG edga®drelement
pairsconnecting nearby rod elements by minimum-distance paths,
computed using the proximity-graph construction of Macklin et al
[2016]. Each rod element pair stores its own physical state (e.g.,
rest Darboux vector, positional o set) and integrity ags control-
ling whether coupling constraints are enforced. The mechanical
simulation uses XPBD in two stages per time step. Stage 1 solves Fig. 4. A picture of a log a ected by rot (le ) and our simulation results
strand-wise Cosserat rod dynamics on each 1D chain of rod ele- (right). Our method successfully captures the characteristic orthogonal
ments (one chain per strand). Stage 2 solves the multi-connected crack propagation and the resulting formation of distinct cubic chunks.
REG using XPBD connection constraints initialized from Stage 1.

5.4 Contact Between Detached Components

Unlike Li et al [2025], we simulate post-fracture contact using a
local penalty model de ned omod segment&ach rod segmergis
treated as a capsule whose centerline is the line segment between
its two rod particles and whose radius %. For a candidate pair

of segments8and 9 we compute the minimum capsule capsule
distancedist'8« 9and the corresponding unit directionggpointing

from segmenBto segmentd We de ne the penetration depth

5.1 Stage 1: Cosserat Rods on Strand Chains

For each strand chain, we integrate rod-element patrticle positions
and segment orientations under external forces and torques as
well as XPBD constraints. The constraint set includes distance con-
straints on rod particles, and Cosserat constraints for bending, tor-
sion, shear/stretch, as well as collider constraints against external
primitives (box, sphere, cylinder) following [Kugelstadt and Schémer

2016; Macklin et a016]. In each solver iteration, predicted states

1p%g® are updated by projecting constraintsstpsq° = 0 using the ggo= max g, AP dist'8+B0 - (3
XPBD multiplier update and apply a quadratic penalty force to segméht

_ poe ) FB= :p>05d80 @

“rmir U where: 5. is the collision sti ness. The equal-and-opposite force is
with complianceU. The output of Stage 1 is a per-rod-element ~applied to segmen@ _ _
estimate of positiorp and orientationq (and derived strains) that is Friction on the rod particles is computed to damp particle veloci-
used to initialize Stage 2. ties in contact. LePg.. denote rod particle 2 f1+2gof segmeng
with velocity vg... For each particle segment pait?g..e 9, we com-

5.2 Stage 2: XPBD on the REG pute the minimum distancelist'?g..e 9 from particle ?g.. to the

capsule of segmen® and the corresponding unit directiong. g

Stage 2 enforces volumetric coupling between neighboring strands pointing from 2., to segment@ Using the penetration depth

by solving XPBD constraints on REG edges. For each connected pair

of rod elements+ 9we enforce a positional connection constraint Og:9=max g, AP dist!?g.c 90 » (5)
we de ne a penetration-based contact force
connectPe'Pe® = kpg  pok  pe 2 2
Fg.. = :25:05.9N8:¢" (6)

where p is the stored rest o set for that pair. The same XPBD

projection method is applied to the multi-connected graph using

the Stage 1 estimates as initialization, which improves convergence

compared to solving directly on the REG. Vg = min 1o s k Fg.k C Vs @
<gmaxtkvg..ke¥

5.3 Failure and Connectivity Updates where" 5 is the friction coe cient, Cis the simulation time step

Material failure is implemented by disabling constraints viaintegrity ~ used in the XPBD integratox g is the mass associated with seg-

ags stored on rod element pairs. During each time step, we compute ment8 andYis a small constant to avoid division by zero.

strains on rod element pairs (bend, torsion) and on rod elements ) )

(shear, stretch). If a rod element pair exceeds its bend or torsion 6 R0t Dynamics Modeling

limits, its bend or torsion integrity ags are set to false, preventing We simulate biological decay on the same rod-element discretiza-

further enforcement of the corresponding coupling. If a rod element tion used by the mechanical solver (Sec. 5). Each rod element is

exceeds shear or stretch limits, the connectivity integrity for the  associated with a local material frantearece © aligned with the

a ected connection is set to false, allowing separation while still ~ radial, tangential, and longitudinal directions of wood. The biophys-

permitting other constraints (e.g., partial sagging behavior) asin [Li ical processes described below are modeled in this local frame to

et al. 2025]. After integrity updates, connected components are support anisotropy, while the state itself is stored per rod element

recomputed (e.g., via label propagation). and exchanged with neighboring rod elements via REG adjacency.

with the same sti ness 5. We then apply a multiplicative damping
update to the particle velocity,
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