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Abstract 

Moisture-driven dimensional instability remains a persistent barrier to the reliable use of timber in structural, architectural, furniture, flooring, 
and other forest-product applications. This systematic review synthesizes evidence on how environmental moisture exchange is translated 
through wood–water interactions, cell-wall response, anisotropy, internal stress development, defect formation, and service performance. 
Following PRISMA 2020, 184 studies published between 1980 and 2026 were synthesized from major scholarly databases. The review 
integrates evidence on moisture content, fibre saturation, equilibrium moisture, sorption, cell-wall chemistry and structure, directional 
movement, moisture gradients, timber defects, service performance, influencing factors, and mitigation strategies. The synthesis reframes 
swelling and shrinkage as a linked moisture-to-performance process rather than as isolated dimensional responses. It shows that 
dimensional instability emerges from interactions among wood anatomy, density, grain orientation, juvenile and reaction wood, moisture 
state, environmental exposure, processing history, and restraint. The evidence further links repeated moisture cycling and di fferential 
movement with warping, checking, splitting, joint and finish problems, and broader serviceability and durability consequences. The review 
identifies practical intervention points across drying and conditioning, design, coatings, modification, engineered wood products, 
environmental control, and moisture monitoring, while highlighting persistent gaps for tropical and African timber species, climate-driven 
moisture cycling, predictive modelling, and standardized dimensional-stability assessment. 

Rather than treating swelling and shrinkage as an isolated wood-physics problem, this review connects the full pathway from moisture 
exposure to dimensional response, defects, service performance, and mitigation. This integrated framework provides a basis for designing 
more moisture-resilient timber products and for directing future research toward measurable service-life outcomes. 

The review demonstrates that improving timber performance requires management of the complete moisture-to-performance pathway. 
Future research should prioritize climate-resilient timber products, species-specific evidence for underrepresented tropical and African 
timbers, standardized testing, predictive moisture-performance models, and integrated monitoring and modification strategies. 

Keywords: timber; moisture dynamics; dimensional instability; swelling; shrinkage; wood–water interactions; timber 

defects; service performance; service life; moisture resilience 

Key Points 

• The review synthesizes 184 studies into a moisture-to-performance pathway linking exposure, wood–water response, dimensional 

change, defects, and service consequences. 

• Dimensional instability is governed by interacting anatomical, material, processing, environmental, and restraint factors rather than by 

moisture content alone. 

• Drying, conditioning, design, modification, coatings, monitoring, and engineered wood technologies provide complementary in tervention 

points for moisture-resilient timber systems. 

Plain Language Summary 

Wood continually exchanges moisture with its surroundings. That exchange can make timber expand, contract, warp, crack, and p lace 
stress on joints and finishes. This review brings together 184 studies to show the complete pathway from moisture exposure to dimensional 
change, defects, service performance, and possible solutions. It also highlights where evidence is still limited, particularly for tropical and 
African timber species and for timber exposed to changing climate conditions. 
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1. Introduction 

1.1 Background 

Wood is one of the oldest and most versatile construction and 
engineering materials used by humans. Its widespread use in 
buildings, furniture, flooring, packaging, joinery, transportation, and 
engineered wood products is attributed to its favorable strength-to-
weight ratio, renewability, workability, and environmental benefits. 
However, unlike many inorganic materials, wood is hygroscopic, 
meaning it readily absorbs and releases moisture in response to 
changes in environmental humidity and temperature. 

This hygroscopic nature causes wood to undergo dimensional 
changes known as swelling and shrinkage. Swelling occurs when 
wood gains moisture and expands, whereas shrinkage occurs when 
wood loses moisture and contracts. These dimensional changes 
originate primarily within the cell wall and are influenced by the 
adsorption and desorption of bound water below the fibre saturation 
point. 

Moisture-induced dimensional instability is one of the most 
important challenges affecting timber utilization worldwide. Changes 
in timber dimensions can compromise structural performance, 
reduce service life, impair aesthetics, and increase maintenance 
costs. Problems such as warping, checking, splitting, cupping, 
twisting, and joint failure are often directly related to uncontrolled 
swelling and shrinkage. 

The magnitude of dimensional change varies considerably among 
species and is influenced by wood anatomy, density, microfibril 
angle, grain orientation, extractive content, and environmental 
conditions. In addition, the anisotropic nature of wood results in 
unequal movement along the longitudinal, radial, and tangential 
directions, further complicating timber performance. 

With increasing emphasis on sustainable construction, engineered 
wood products, and climate-resilient materials, understanding 
moisture-induced dimensional behavior has become more 
important than ever. Advances in kiln drying, wood modification, 
moisture monitoring, and engineered timber technologies have 
improved dimensional stability, but moisture-related problems 
remain a major concern across the forest products sector. 

1.2 Problem Statement 

Despite extensive research on wood-water relationships, moisture-
induced swelling and shrinkage continue to cause significant 
technical and economic losses in timber utilization. Dimensional 
instability remains one of the leading causes of timber defects, 
product failures, and reduced service performance. 

While numerous studies have investigated individual aspects of 
swelling and shrinkage, knowledge remains fragmented across 
wood science, timber engineering, forest products technology, and 
materials science. Consequently, there is a need for a 
comprehensive synthesis that integrates current understanding of 
the mechanisms, determinants, impacts, and mitigation strategies 
associated with moisture-induced dimensional changes in timber. 

1.3 Review Aim and Contribution 

The aim of this review is to synthesize evidence on the complete 
pathway from environmental moisture exchange to timber 
dimensional instability, defect formation, service performance, and 
mitigation. The review contributes an integrated framework that 
connects mechanisms traditionally discussed separately across 
wood science, timber engineering, forest-products processing, 
wood modification, and climate-resilient materials research. 

1.4 Specific Objectives 

To review the wood-water relationship and mechanisms responsible 
for swelling and shrinkage. 

To examine anisotropic dimensional changes in wood. 

To assess the effects of swelling and shrinkage on timber defects. 

To evaluate impacts on timber service performance and durability. 

To examine factors influencing dimensional stability. 

To review mitigation and control strategies. 

To identify research gaps and future research priorities. 

1.5 Research Questions 

What mechanisms govern moisture-induced swelling and shrinkage 
in wood? 

How do dimensional changes differ among anatomical directions? 

What timber defects result from swelling and shrinkage? 

How do these defects affect service performance? 

Which factors influence dimensional stability? 

What technologies are available to reduce swelling and shrinkage? 

What future research directions are needed? 

1.6 Scope and Contribution 

This review contributes to forestry, wood science, timber 
engineering, and forest products utilization by providing an 
integrated understanding of moisture-induced dimensional changes 
and their implications for sustainable timber use. 

The findings are expected to benefit: 

Foresters 

Wood scientists 

Timber engineers 

Furniture manufacturers 

Building professionals 

Forest products industries 

Researchers 

Policymakers 

The review also supports climate-smart timber utilization by 
promoting strategies that improve durability, performance, and 
service life. 

2. Methodology 

2.1 Review Design 

This study employed a systematic literature review (SLR) approach 
to synthesize existing knowledge regarding moisture-induced 
swelling and shrinkage in timber and evaluate their implications for 
dimensional stability, service performance, and forest products 
utilization. 

A systematic review was selected because it provides a transparent, 
rigorous, and reproducible framework for identifying, evaluating, and 
synthesizing scientific evidence from diverse disciplines including 
wood science, timber engineering, forestry, materials science, and 
forest products technology. 

The review followed the Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses (PRISMA 2020) guidelines (Page et 
al., 2021). 

The review focused on six major thematic areas: 

Wood-water relationships. 

Mechanisms of swelling and shrinkage. 

Dimensional anisotropy in timber. 

Service performance implications. 

Factors influencing dimensional stability. 

Mitigation and control strategies. 
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2.2 Literature Search Strategy 

A comprehensive literature search was conducted between January 
and June 2026. 

The following electronic databases were searched: 

Scopus 

Web of Science 

ScienceDirect 

SpringerLink 

Wiley Online Library 

CAB Abstracts 

Google Scholar 

Additional information was obtained from: 

FAO publications 

USDA Forest Service reports 

Forest Products Laboratory publications 

Forestry textbooks 

Wood science handbooks 

Conference proceedings 

Doctoral dissertations 

Institutional repositories 

The review considered studies published between 1980 and 2026. 

2.3 Search Terms and Keywords 

Searches were conducted using combinations of keywords and 
Boolean operators. 

Primary search string: 

("wood swelling" OR "timber swelling")AND("wood shrinkage" OR 
"timber shrinkage")AND("dimensional stability")AND("service 
performance" OR "forest products") 

Additional search terms included: 

Hygroscopicity 

Wood-water relations 

Moisture content 

Fibre saturation point 

Anisotropy 

Wood drying 

Timber defects 

Wood modification 

Engineered wood 

Moisture movement 

Timber durability 

Wood preservation 

Climate effects 

Backward and forward citation searches were also conducted to 
identify additional relevant studies. 

2.4 Inclusion Criteria 

Studies were included if they: 

Were published between 1980 and 2026. 

Were written in English. 

Examined wood swelling, shrinkage, hygroscopicity, or dimensional 
stability. 

Addressed timber performance or forest products utilization. 

Were peer-reviewed journal articles, books, technical reports, 
theses, or conference papers. 

Provided adequate methodological information. 

2.5 Exclusion Criteria 

Studies were excluded if they: 

Focused exclusively on non-wood materials. 

Did not investigate dimensional changes. 

Were duplicate records. 

Were unavailable in full text. 

Lacked methodological transparency. 

Were unrelated to forestry, wood science, or timber utilization. 

2.6 Study Selection Process 

 

Figure 1. PRISMA 2020 flow diagram showing identification, screening, 
eligibility assessment, and inclusion of studies in the review. 

The study selection process followed PRISMA guidelines. 

Identification 

Database searches identified 2,034 records. 

Screening 

Following removal of duplicates (n = 418), 1,616 records remained 
for title and abstract screening. 

Eligibility 

A total of 492 full-text articles were assessed for eligibility. 

Inclusion 

Following detailed review, 184 studies met the inclusion criteria and 
were included in the final synthesis. 

 

Records identified through database searching(n = 
2,034)↓Duplicates removed(n = 418)↓Records screened(n = 
1,616)↓Records excluded(n = 1,124)↓Full-text articles assessed(n = 
492)↓Full-text articles excluded(n = 308)↓Studies included in 
review(n = 184) 

2.7 Data Extraction 

A standardized data extraction framework was developed. 

Information extracted included: 
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Variable Description 
Author(s) Study authors 
Year Publication year 
Species Tree species investigated 
Density Wood density values 
Moisture variable Moisture content or humidity 
Swelling response Dimensional increase 
Shrinkage response Dimensional decrease 
Timber defects Warping, checking, splitting, etc. 

Service application 
Construction, furniture, flooring, 
etc. 

Key findings Main conclusions 
Recommendations Future directions 

2.8 Quality Assessment 

Studies were assessed according to: 

Clarity of objectives 

Experimental design 

Sample adequacy 

Statistical rigor 

Relevance 

Reporting transparency 

Studies were categorized as: 

Category Description 
High Quality Strong methodology and reporting 
Moderate Quality Minor methodological limitations 
Low Quality Significant limitations 

Only studies classified as high or moderate quality were included. 

2.9 Evidence Synthesis and Analytical Framework 

Because studies differed in: 

Species investigated 

Experimental conditions 

Moisture regimes 

Service environments 

Measurement techniques 

a quantitative meta-analysis was not feasible. 

A thematic synthesis approach was therefore employed. 

The synthesis process involved: 

Data familiarization. 

Coding of recurring concepts. 

Theme development. 

Comparative analysis. 

Narrative synthesis. 

The following themes emerged: 

Wood-water relationships. 

Mechanisms of swelling and shrinkage. 

Dimensional anisotropy. 

Timber defects. 

Service performance implications. 

Mitigation strategies. 

2.10 Limitations of the Review 

Several limitations should be acknowledged. 

First, only English-language studies were included. 

Second, measurement methods varied among studies. 

Third, species representation was uneven, with greater emphasis 
on commercially important species. 

Fourth, many studies were conducted under laboratory conditions 
that may not fully represent field performance. 

Despite these limitations, the review provides a comprehensive 
synthesis of current knowledge regarding swelling and shrinkage in 
timber. 

3. Results and Discussion 

3.1 Characteristics of Included Studies 

A total of 184 studies met the inclusion criteria and were included in 
the final review. 

The studies represented research from: 

Wood science 

Forest products technology 

Timber engineering 

Forestry 

Materials science 

Building science 

Table 1. Characteristics of the 184 Included Studies 

Characteristic Percentage (%) 
Wood science studies 34 
Timber engineering studies 23 
Drying and seasoning studies 18 
Forest products utilization studies 11 
Wood modification studies 9 
Review papers 5 

The studies collectively covered more than 500 timber species from 
tropical, subtropical, and temperate regions. 

Integrated synthesis of the evidence. Across the reviewed 
literature, moisture-induced dimensional instability can be 
interpreted as a connected process rather than a set of 
independent phenomena. Environmental humidity, temperature, 
wetting, and drying alter wood moisture state; moisture exchange 
changes the cell-wall state; anisotropic anatomy and material 
heterogeneity convert local changes into differential movement; 
restraint and moisture gradients generate stress; and repeated 
exposure can manifest as defects and service-performance losses. 
This pathway provides the organizing framework used to interpret 
the evidence throughout the review. 

3.2 Moisture Dynamics and Wood–Water Interactions 

3.2.1 Introduction 

 

Figure 2. Integrated moisture-to-performance framework linking 
environmental exposure, wood–water interactions, cell-wall response, 

dimensional change, defects, and service performance. 

Understanding swelling and shrinkage requires an understanding of 
the fundamental relationship between wood and water. 

Wood is a hygroscopic biological material that continuously 
exchanges moisture with its surrounding environment. This 
moisture interaction is the primary cause of dimensional changes 
observed in timber during processing, storage, and service. 
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The reviewed literature consistently identifies wood-water 
relationships as the foundation upon which swelling, shrinkage, 
dimensional stability, and service performance are built. 

3.2.2 Water in Wood 

Water occurs in wood in two principal forms: 

Free Water 

Free water occupies: 

Cell lumens 

Vessel cavities 

Intercellular spaces 

Free water contributes little to dimensional change. 

Bound Water 

Bound water occurs within: 

Cell wall microstructures 

Cellulose 

Hemicellulose matrices 

Bound water is directly responsible for swelling and shrinkage. 

The distinction between free water and bound water is fundamental 
in wood science. 

3.2.3 Hygroscopic Nature of Wood 

Wood is naturally hygroscopic because its cell wall polymers contain 
numerous hydroxyl (-OH) groups that attract water molecules. 

Major hygroscopic components include: 

Cellulose 

Hemicellulose 

Lignin (to a lesser extent) 

Water molecules form hydrogen bonds with these polymers, 
causing dimensional changes. 

3.2.4 Moisture Content 

Moisture content (MC) is one of the most important concepts in 
timber utilization. 

It is calculated as: 

Where: 

MC = moisture content (%) 

Ww = wet weight 

Wd = oven-dry weight 

Moisture content strongly influences swelling, shrinkage, strength, 
and durability. 

3.2.5 Fibre Saturation Point (FSP) 

The fibre saturation point represents the moisture content at which: 

Cell walls are fully saturated with bound water. 

Cell lumens contain no free water. 

Typically: 

25–35% moisture content 

The reviewed literature identifies the fibre saturation point as one of 
the most important thresholds in wood science because: 

Above FSP → little dimensional change occurs. 
Below FSP → swelling and shrinkage occur. 

3.2.6 Equilibrium Moisture Content (EMC) 

Timber continuously exchanges moisture with the atmosphere until 
it reaches equilibrium moisture content (EMC). 

EMC depends on: 

Relative humidity 

Temperature 

Air circulation 

Changes in EMC during service are responsible for repeated cycles 
of swelling and shrinkage. 

3.2.7 Sorption Processes 

Two major moisture exchange processes occur: 

Adsorption 

Water uptake by dry wood. 

Desorption 

Water loss from wet wood. 

The reviewed studies indicate that adsorption and desorption often 
follow different paths, a phenomenon known as sorption hysteresis. 

3.2.8 Advanced Perspective: Wood-Water Relations as a Multi-

Scale Process 

Modern wood science increasingly views wood-water interactions 
as a multi-scale phenomenon operating at: 

Molecular level 

Cell wall level 

Tissue level 

Whole-tree level 

Product level 

This perspective provides deeper understanding of moisture-
induced dimensional instability. 

3.2.9 Critical Synthesis 

The reviewed literature demonstrates that wood-water relationships 
form the scientific foundation for understanding swelling, shrinkage, 
dimensional instability, and service performance. 

Bound water interactions within the cell wall are the primary drivers 
of dimensional change, while environmental conditions determine 
the magnitude and frequency of moisture fluctuations experienced 
by timber during service. 

3.3 From Cell-Wall Response to Hygro-Mechanical Change 

3.3.1 Introduction 

Swelling and shrinkage are fundamental manifestations of the 
interaction between wood and water. Although these dimensional 
changes are observed at the macroscopic level, they originate from 
complex physical, chemical, and structural processes occurring 
within the wood cell wall. 

Modern wood science recognizes that swelling and shrinkage are 
multi-scale phenomena involving: 

Molecular interactions 

Cell wall ultrastructure 

Wood anatomy 

Hygro-mechanical behavior 

Environmental conditions 

Understanding these mechanisms is essential for improving 
dimensional stability and predicting timber performance in service. 
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3.3.2 Ultrastructure of the Wood Cell Wall 

 

Figure 3. Simplified multiscale representation of wood cell-wall structure 
relevant to moisture exchange and dimensional response. 

The wood cell wall is a highly organized composite material 
consisting primarily of: 

Cellulose 

Hemicellulose 

Lignin 

The wall is organized into distinct layers: 

Thin outer layer formed during cell growth. 

Composed of: 

The S2 layer constitutes approximately 70–80% of the cell wall 
thickness and exerts the greatest influence on dimensional 
behavior. 

 

Primary Wall      ↓S1 Layer      ↓S2 Layer      ↓S3 Layer      ↓Cell 
Lumen 

3.3.3 Role of Cellulose in Swelling and Shrinkage 

Cellulose is the principal structural polymer in wood. 

Characteristics include: 

Highly ordered microfibrils 

High tensile strength 

Numerous hydroxyl groups 

These hydroxyl groups attract water molecules through hydrogen 
bonding. 

However, crystalline cellulose absorbs relatively little water 
compared to hemicellulose. 

Thus, cellulose contributes primarily to structural resistance against 
excessive swelling. 

3.3.4 Role of Hemicellulose 

Hemicellulose plays the most significant role in moisture-induced 
dimensional changes. 

Characteristics include: 

Amorphous structure 

High accessibility to water 

Abundant hydroxyl groups 

Because hemicellulose readily adsorbs moisture, it is largely 
responsible for: 

Cell wall expansion 

Cell wall contraction 

Dimensional instability 

The reviewed literature indicates that hemicellulose and other 
hydrophilic cell-wall constituents contribute substantially to moisture 
sorption and dimensional response, while the magnitude and 
anisotropy of movement emerge from interactions among cell-wall 
chemistry, microfibril architecture, wood anatomy, moisture state, 
and mechanical constraints. 

3.3.5 Role of Lignin 

Lignin functions as the matrix binding cellulose and hemicellulose 
together. 

Characteristics include: 

Hydrophobic properties 

Structural rigidity 

Resistance to biological degradation 

Although lignin absorbs less moisture than polysaccharides, it 
influences dimensional stability by restricting excessive cell wall 
deformation. 

3.3.6 Molecular Basis of Swelling 

 

Figure 4. Conceptual pathway linking moisture sorption and desorption with 
cell-wall expansion, contraction, internal stress, and macroscopic 

dimensional change. 

Swelling occurs when water molecules penetrate the cell wall and 
form hydrogen bonds with hydroxyl groups. 

The process involves: 

Step 1 

Moisture adsorption. 

Step 2 

Penetration into amorphous regions. 

Step 3 

Hydrogen bond formation. 

Step 4 

Expansion of polymer networks. 

Step 5 

Cell wall enlargement. 

As moisture content increases below the fibre saturation point, cell 
walls expand and timber dimensions increase. 

 

Water Molecules        ↓Hydrogen Bonding        ↓Cell Wall Expansion        
↓Swelling 

3.3.7 Molecular Basis of Shrinkage 

Shrinkage occurs during moisture loss. 

The process involves: 

Step 1 
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Desorption of bound water. 

Step 2 

Loss of hydrogen-bonded water. 

Step 3 

Polymer contraction. 

Step 4 

Cell wall collapse toward original dimensions. 

Step 5 

Reduction in timber dimensions. 

Shrinkage therefore represents the reverse of swelling. 

 

Moisture Loss      ↓Hydrogen Bond Breakage      ↓Polymer 
Contraction      ↓Cell Wall Contraction      ↓Shrinkage 

3.3.8 Fibre Saturation Point and Dimensional Change 

One of the most important principles in wood science is that 
dimensional change occurs primarily below the fibre saturation 
point. 

Above Fibre Saturation Point 

Water occupies cell lumens. 

Minimal dimensional change occurs. 

Below Fibre Saturation Point 

Bound water is removed from cell walls. 

Significant shrinkage occurs. 

This principle explains why drying schedules focus on moisture 
reduction below the fibre saturation point. 

3.3.9 Sorption Hysteresis 

The reviewed literature consistently highlights sorption hysteresis as 
a key aspect of wood-water relationships. 

Sorption hysteresis occurs because: 

Adsorption and desorption follow different pathways. 

Wood contains complex pore structures. 

Cell wall rearrangement occurs during moisture cycling. 

Consequently, wood may exhibit different moisture contents under 
identical environmental conditions depending on its moisture 
history. 

3.3.10 Hygro-Mechanical Behavior of Timber 

Timber exhibits hygro-mechanical behavior because moisture 
changes influence mechanical properties. 

Important effects include: 

Moisture Gain 

Reduced stiffness 

Reduced strength 

Increased flexibility 

Increased stiffness 

Increased brittleness 

Increased shrinkage stresses 

These interactions contribute significantly to timber performance in 
service. 

3.3.11 Internal Stress Development 

Swelling and shrinkage rarely occur uniformly. 

As a result, internal stresses develop within timber. 

Sources of stress include: 

Moisture gradients 

Anatomical variation 

Differential shrinkage 

Restraint during service 

These stresses may eventually produce defects such as: 

Checking 

Splitting 

Warping 

3.3.12 Moisture Cycling and Fatigue 

Timber in service rarely experiences constant moisture conditions. 

Repeated wetting and drying cycles cause: 

Repeated swelling 

Repeated shrinkage 

Progressive damage accumulation 

Over time, moisture cycling may reduce dimensional stability and 
service performance. 

This phenomenon is particularly important in outdoor applications. 

3.3.13 Influence of Cell Wall Nanostructure 

Recent research has highlighted the importance of nanostructural 
factors. 

Important variables include: 

Microfibril angle 

Cell wall porosity 

Nanopore distribution 

Polymer orientation 

These factors influence moisture sorption behavior and dimensional 
response. 

3.3.14 Advanced Perspective: Moisture-Induced Deformation as a 

Coupled Process 

Modern theories increasingly describe swelling and shrinkage as 
coupled: 

Physical 

Chemical 

Mechanical 

processes. 

Moisture movement affects: 

Polymer interactions 

Cell wall mechanics 

Internal stresses 

Structural performance 

This integrated perspective is central to contemporary wood 
physics. 

Table 2. Moisture-Driven Mechanisms and Dimensional Responses 

Mechanism Effect 
Moisture adsorption Swelling 
Moisture desorption Shrinkage 
Hydrogen bonding Cell wall expansion 
Polymer contraction Dimensional reduction 
Sorption hysteresis Moisture-history effects 
Moisture gradients Internal stresses 
Repeated moisture cycling Fatigue and degradation 

3.3.15 Critical Synthesis 

The reviewed literature demonstrates that swelling and shrinkage 
originate from moisture interactions within the wood cell wall, 
particularly through hydrogen bonding with hemicellulose and 
cellulose polymers. These interactions produce dimensional 
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changes that are amplified by anisotropic wood structure, moisture 
gradients, and repeated environmental exposure. 

Understanding these mechanisms provides the scientific foundation 
for predicting timber behavior and developing technologies that 
improve dimensional stability. 

3.4 Anisotropic Dimensional Instability 

3.4.1 Introduction 

One of the most important and distinctive characteristics of wood is 
its anisotropy. Unlike isotropic materials, wood does not expand or 
contract equally in all directions. 

Swelling and shrinkage differ substantially in: 

Longitudinal direction 

Radial direction 

Tangential direction 

This directional variability is the primary reason why timber develops 
defects such as: 

Warping 

Cupping 

Bowing 

Twisting 

Checking 

3.4.1 Introduction 

One of the most distinctive characteristics of wood is its anisotropic 
nature. Unlike isotropic materials such as steel, aluminum, or glass, 
wood exhibits different physical and mechanical properties 
depending on the direction of measurement. 

This anisotropy arises from the highly organized cellular structure of 
wood and strongly influences dimensional changes associated with 
moisture fluctuations. 

The reviewed literature consistently identifies anisotropic swelling 
and shrinkage as one of the principal causes of dimensional 
instability and timber defects during service. 

Understanding directional movement is therefore essential for: 

Timber engineering 

Wood drying 

Furniture manufacturing 

Building construction 

Engineered wood production 

3.4.2 Concept of Wood Anisotropy 

Anisotropy refers to the directional dependence of material 
properties. 

Wood exhibits three principal anatomical directions: 

Longitudinal Direction 

Parallel to the stem axis and fibre orientation. 

Radial Direction 

Perpendicular to growth rings and extending from pith to bark. 

Tangential Direction 

Tangential to growth rings. 

These directions exhibit markedly different swelling and shrinkage 
behavior. 

 

Longitudinal                  ↑                  │                  │                  │Radial 
←──────────┼──────────→ Tangential                  │                  
│ 

3.4.3 Magnitude of Dimensional Change 

 

Figure 5. Typical relative magnitude of dimensional movement in 
longitudinal, radial, and tangential directions based on the ranges 

synthesized in the review. 

The reviewed literature demonstrates that swelling and shrinkage 
vary considerably among the three anatomical directions. 

Typical values are: 

Longitudinal Shrinkage 

0.1–0.5% 

Radial Shrinkage 

3–6% 

Tangential Shrinkage 

6–12% 

Thus: 

Tangential > Radial > Longitudinal 

This relationship is fundamental in wood science. 

Table 3. Typical Directional Shrinkage Ranges Synthesized in the 
Review 

Direction Typical Shrinkage (%) 
Longitudinal 0.1–0.5 
Radial 3–6 
Tangential 6–12 

3.4.4 Longitudinal Swelling and Shrinkage 

Longitudinal dimensional change occurs parallel to the grain. 

Because cellulose microfibrils are highly aligned in this direction, 
dimensional changes are generally minimal. 

Characteristics include: 

Lowest shrinkage values 

Highest dimensional stability 

Greatest structural reliability 

Longitudinal movement is often negligible in practical applications. 

However, abnormal wood may exhibit greater longitudinal 
movement. 

3.4.5 Influence of Microfibril Angle 

The microfibril angle (MFA) strongly influences longitudinal 
shrinkage. 

Small MFA 

Produces: 

Greater stiffness 

Lower longitudinal movement 

Large MFA 

Produces: 

Lower stiffness 

Greater longitudinal shrinkage 
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Juvenile wood often exhibits higher microfibril angles and therefore 
greater longitudinal instability. 

3.4.6 Radial Swelling and Shrinkage 

Radial movement occurs perpendicular to growth rings. 

Characteristics include: 

Moderate dimensional change 

Influence of ray cells 

Better stability than tangential direction 

Wood rays provide structural reinforcement that restricts radial 
movement. 

This explains why radial shrinkage is generally lower than tangential 
shrinkage. 

3.4.7 Tangential Swelling and Shrinkage 

Tangential movement occurs parallel to growth rings. 

This direction exhibits: 

Greatest dimensional change 

Highest instability 

Strongest contribution to timber defects 

The reviewed literature consistently reports tangential shrinkage 
values approximately twice those observed radially. 

3.4.8 Anatomical Basis of Tangential-Radial Differences 

Several mechanisms explain why tangential shrinkage exceeds 
radial shrinkage. 

Growth Ring Structure 

Alternating earlywood and latewood layers influence movement. 

Ray Cell Orientation 

Rays restrain radial movement. 

Cell Geometry 

Cell arrangement promotes greater tangential contraction. 

Differential Cell Wall Behavior 

Variations in cell wall organization contribute to anisotropy. 

These factors collectively generate unequal dimensional responses. 

 

Tangential  ████████████Radial      ██████Longitudinal █ 

3.4.9 Tangential-to-Radial Shrinkage Ratio 

A commonly used measure of dimensional stability is the 
Tangential/Radial (T/R) ratio. 

Interpretation: 

T/R < 1.5 

Excellent dimensional stability 

T/R = 1.5–2.0 

Moderate stability 

T/R > 2.0 

Poor dimensional stability 

Species with lower T/R ratios generally exhibit better service 
performance. 

3.4.10 Species Differences in Anisotropy 

Significant variation exists among species. 

Factors contributing to differences include: 

Density 

Cell wall thickness 

Ray abundance 

Microfibril angle 

Growth ring structure 

Consequently, species selection strongly influences dimensional 
stability. 

3.4.11 Influence of Juvenile Wood 

Juvenile wood often exhibits: 

Greater longitudinal shrinkage 

Larger microfibril angles 

Increased dimensional instability 

Modern plantation forests frequently contain high proportions of 
juvenile wood, making this issue increasingly important. 

3.4.12 Influence of Reaction Wood 

Reaction wood exhibits abnormal dimensional behavior. 

Compression Wood (Softwoods) 

May show: 

Increased longitudinal shrinkage 

Reduced stability 

Tension Wood (Hardwoods) 

May exhibit: 

Excessive movement 

Distortion during drying 

Reaction wood therefore represents a significant source of 
instability. 

3.4.13 Moisture Gradients and Differential Movement 

Dimensional change rarely occurs uniformly throughout a timber 
section. 

Moisture gradients develop because: 

Surface layers dry first. 

Internal layers dry later. 

This differential movement creates: 

Internal stresses 

Surface checking 

End splitting 

The reviewed studies identify moisture gradients as a major 
contributor to timber defects. 

3.4.14 Anisotropy and Timber Defects 

The unequal movement of wood in different directions is directly 
responsible for many service problems. 

Common defects include: 

Cupping 

Unequal tangential shrinkage causes curvature across board width. 

Bowing 

Differential longitudinal movement causes bending. 

Twisting 

Spiral grain combined with shrinkage causes distortion. 

Checking 

Shrinkage stresses exceed tensile strength. 

Splitting 

Internal stresses create cracks along the grain. 

These defects reduce product quality and service life. 

3.4.15 Implications for Structural Timber 

Anisotropic movement affects: 
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Joint performance 

Fastener holding capacity 

Structural alignment 

Load transfer 

Engineers must therefore account for expected dimensional 
movement when designing timber structures. 

3.4.16 Implications for Furniture and Joinery 

Furniture components often experience fluctuating indoor humidity. 

Anisotropic swelling and shrinkage may cause: 

Drawer sticking 

Joint opening 

Surface cracking 

Panel distortion 

Successful furniture design therefore requires accommodation of 
seasonal movement. 

3.4.17 Implications for Engineered Wood Products 

Engineered wood products are partly designed to reduce anisotropic 
movement. 

Examples include: 

Plywood 

Cross-laminated timber (CLT) 

Laminated veneer lumber (LVL) 

Glulam 

Cross-lamination and lamination reduce dimensional instability by 
redistributing stresses. 

3.4.18 Advanced Perspective: Anisotropy as a Multi-Scale 

Phenomenon 

Modern wood physics recognizes anisotropy as a hierarchical 
phenomenon arising from: 

Molecular Level 

Cellulose microfibril orientation. 

Cell Wall Level 

Layered wall architecture. 

Tissue Level 

Cell geometry and arrangement. 

Tree Level 

Growth ring structure. 

This multi-scale perspective provides deeper understanding of 
timber behavior. 

3.4.19 Critical Synthesis 

The reviewed literature demonstrates that anisotropic swelling and 
shrinkage represent the fundamental cause of dimensional 
instability in timber. The unequal movement observed in 
longitudinal, radial, and tangential directions generates internal 
stresses that ultimately produce many of the defects affecting timber 
performance. 

Understanding anisotropy is therefore essential for improving drying 
technologies, structural design, wood modification, and forest 
products utilization. 

3.5 Moisture-Driven Defect Formation 

3.5.1 Introduction 

While swelling and shrinkage are natural responses of wood to 
changing moisture conditions, their practical importance lies in their 

ability to generate defects that reduce timber quality, structural 
reliability, service life, and economic value. 

Timber defects resulting from moisture-induced dimensional 
changes represent one of the largest sources of losses within the 
forest products industry. Defects may develop during: 

Drying 

Storage 

Transportation 

Installation 

Service life 

The reviewed literature demonstrates that most dimensional defects 
originate from differential moisture movement and the resulting 
internal stresses generated within wood. 

3.5.2 Stress Development and Defect Formation 

 

Figure 6. Conceptual pathway from moisture gradients and anisotropic 
movement to internal stress and common timber defects. 

Defects develop when moisture-induced stresses exceed the 
mechanical strength of wood. 

The sequence generally involves: 

Moisture Change        ↓Swelling or Shrinkage        ↓Differential 
Movement        ↓Internal Stress Development        ↓Defect Formation 

The severity of defects depends on: 

Moisture gradients 

Species characteristics 

Board dimensions 

Grain orientation 

Drying conditions 

3.5.3 Warping 

Warping is one of the most common dimensional defects in timber. 

It refers to any deviation from the intended straight shape of wood. 

Warping occurs because different parts of a timber piece expand or 
contract unequally. 

Major forms include: 

Cupping 

Bowing 

Crooking 

Twisting 

Warping can significantly reduce timber value and serviceability. 

3.5.4 Cupping 

Cupping refers to curvature across the width of a board. 

Mechanism 

Tangential shrinkage exceeds radial shrinkage. 
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As drying proceeds: 

Outer growth ring portions contract more. 

Differential movement develops. 

Board edges rise or fall. 

Consequences 

Uneven flooring surfaces 

Poor panel fit 

Reduced aesthetic quality 

Installation difficulties 

Cupping is particularly common in flat-sawn lumber. 

 

Before Drying────────────After Drying\__________/ 

3.5.5 Bowing 

Bowing occurs when timber bends along its length. 

Causes 

Longitudinal shrinkage differences 

Uneven moisture distribution 

Growth stresses 

Presence of juvenile wood 

Consequences 

Reduced structural alignment 

Difficulty in construction 

Increased waste during processing 

3.5.6 Crooking 

Crook is curvature along the edge of a board. 

Causes 

Unequal longitudinal shrinkage 

Asymmetrical grain patterns 

Moisture gradients 

Crooked boards are often unsuitable for precision applications. 

3.5.7 Twisting 

Twist occurs when one end of a board rotates relative to the other. 

Causes 

Spiral grain 

Uneven shrinkage 

Growth stresses 

Reaction wood 

Twisting is among the most difficult defects to correct. 

 

Bow      ----)Crook    )         )         )Twist    /----/         \----\Cup      \____/ 

3.5.8 Checking 

Checks are cracks that develop when tensile stresses exceed wood 
strength. 

Surface Checks 

Occur near timber surfaces. 

Internal Checks 

Develop within the wood. 

End Checks 

Occur at board ends. 

The reviewed literature identifies checking as one of the most 
economically important timber defects. 

3.5.9 Mechanism of Check Formation 

Check formation typically follows: 

Rapid Moisture Loss         ↓Surface Shrinkage         ↓Tensile Stress 
Development         ↓Strength Exceeded         ↓Crack Formation 

Improper drying schedules significantly increase checking risk. 

3.5.10 End Splitting 

End splitting develops because board ends dry more rapidly than 
central portions. 

Characteristics 

Cracks parallel to grain 

Significant reduction in timber value 

Reduced structural performance 

Prevention 

End coatings 

Controlled drying 

Moisture management 

3.5.11 Honeycombing 

Honeycombing refers to internal cracks that are not immediately 
visible on external surfaces. 

Causes 

Severe internal stresses 

Excessive drying rates 

Improper kiln schedules 

Consequences 

Reduced structural integrity 

Hidden quality defects 

Product failure risks 

Honeycombing is particularly problematic because it may remain 
undetected until processing. 

3.5.12 Case Hardening 

Case hardening occurs when outer layers dry and shrink while inner 
regions remain wet. 

Characteristics 

Residual internal stresses 

Distortion during machining 

Unexpected movement in service 

Case-hardened timber often exhibits poor dimensional stability. 

3.5.13 Surface Deformation 

Repeated swelling and shrinkage may produce: 

Surface roughening 

Grain raising 

Coating failure 

Surface cracking 

These defects reduce both functional and aesthetic quality. 

3.5.14 Joint Failure 

Dimensional movement frequently affects timber joints. 

Effects 

Joint opening 

Adhesive failure 

Fastener loosening 

Structural instability 
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Furniture and joinery products are particularly susceptible. 

3.5.15 Effects on Flooring Systems 

Flooring products frequently experience seasonal moisture 
fluctuations. 

Consequences include: 

Excessive Swelling 

Buckling 

Uplift 

Surface distortion 

Excessive Shrinkage 

Gapping 

Joint separation 

Surface cracking 

The reviewed literature identifies moisture control as critical for 
flooring performance. 

3.5.16 Effects on Building Components 

In buildings, swelling and shrinkage may affect: 

Doors 

Windows 

Roof systems 

Structural framing 

Interior finishes 

Typical problems include: 

Sticking doors 

Window distortion 

Joint opening 

Structural movement 

These issues increase maintenance costs and reduce service life. 

3.5.17 Economic Consequences of Defects 

Moisture-related defects generate substantial economic losses. 

Impacts include: 

Timber Processing 

Reduced recovery 

Increased waste 

Manufacturing 

Product rejection 

Increased costs 

Construction 

Repair expenses 

Reduced performance 

Service Life 

Premature replacement 

Increased maintenance 

The economic significance of dimensional instability extends 
throughout the forest products value chain. 

Table 4. Timber Defects Associated With Moisture-Driven 
Dimensional Instability 

Defect Primary Cause Impact 
Cupping Tangential shrinkage Distortion 

Bowing 
Longitudinal 
movement 

Structural 
misalignment 

Crooking Unequal edge 
shrinkage 

Reduced usability 

Defect Primary Cause Impact 

Twisting Spiral grain and 
shrinkage 

Severe distortion 

Checking Tensile stress Surface cracking 
Splitting End drying Structural weakness 
Honeycombing Internal stresses Hidden defects 
Case Hardening Differential drying Residual stress 

3.5.18 Advanced Perspective: Defects as Manifestations of Hygro-

Mechanical Instability 

Modern wood science increasingly interprets timber defects as 
manifestations of hygro-mechanical instability. 

Under this framework: 

Moisture movement 

Material anisotropy 

Mechanical constraints 

Environmental variability 

interact to generate defect formation. 

This perspective allows more accurate prediction and prevention 
strategies. 

3.5.19 Critical Synthesis 

The reviewed literature clearly demonstrates that swelling and 
shrinkage are major drivers of timber defects throughout processing 
and service life. Most defects originate from anisotropic dimensional 
change and differential moisture movement, resulting in internal 
stress development. 

Understanding defect mechanisms is therefore fundamental for 
improving timber quality, reducing economic losses, and enhancing 
the sustainable utilization of forest resources. 

3.6 Service Performance and Service-Life Consequences 

3.6.1 Introduction 

The ultimate significance of swelling and shrinkage lies not merely 
in their ability to produce visible defects but in their profound 
influence on timber performance throughout its service life. Timber 
products are expected to maintain structural integrity, dimensional 
accuracy, durability, functionality, and aesthetic quality under 
fluctuating environmental conditions. 

Because wood remains hygroscopic after processing and 
installation, dimensional changes continue throughout its service 
life. Consequently, swelling and shrinkage represent long-term 
performance challenges that influence the reliability and 
sustainability of timber products. 

The reviewed literature demonstrates that moisture-induced 
dimensional instability affects structural timber, furniture, flooring, 
joinery, engineered wood products, and exterior timber applications. 

3.6.2 Concept of Service Performance 

 

Figure 7. Conceptual service-performance consequences of moisture-
driven dimensional instability across major timber applications. 
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Service performance refers to the ability of a timber product to 
maintain its intended function throughout its design life under 
expected environmental and loading conditions. 

Key performance indicators include: 

Structural reliability 

Dimensional stability 

Mechanical performance 

Durability 

Functional efficiency 

Aesthetic quality 

Service life 

Swelling and shrinkage directly influence all these parameters. 

3.6.3 Structural Performance 

Structural applications require timber to maintain dimensional and 
mechanical stability under service conditions. 

Excessive moisture-induced movement may result in: 

Load Redistribution 

Changes in member dimensions alter load paths. 

Joint Displacement 

Connections may loosen or deform. 

Structural Distortion 

Misalignment may develop within structural systems. 

Reduced Safety Margins 

Unexpected stresses may arise. 

The reviewed literature identifies moisture management as 
essential for structural reliability. 

3.6.4 Moisture-Induced Stress in Structural Members 

Structural timber often experiences restrained movement. 

When swelling or shrinkage is restrained: 

Moisture Change       ↓Attempted Movement       ↓Restraint       
↓Stress Development       ↓Potential Failure 

This phenomenon is particularly important in: 

Timber bridges 

Roof systems 

Glulam structures 

Cross-laminated timber buildings 

3.6.5 Effects on Mechanical Properties 

Moisture content strongly influences timber strength and stiffness. 

Increasing Moisture Content 

Generally results in: 

Reduced strength 

Reduced stiffness 

Increased flexibility 

Decreasing Moisture Content 

Generally results in: 

Increased stiffness 

Increased brittleness 

Increased shrinkage stresses 

These changes affect engineering performance. 

3.6.6 Moisture–Strength Relationships 

Below the fibre saturation point, mechanical properties are highly 
sensitive to moisture content. 

The reviewed studies indicate that: 

Strength decreases as moisture content increases. 

Elastic modulus decreases with increasing moisture. 

Fastener performance may be affected. 

This relationship is critical in timber engineering design. 

3.6.7 Serviceability Performance 

Serviceability refers to the ability of timber structures and products 
to remain functional and comfortable during use. 

Moisture-induced dimensional changes may produce: 

Uneven surfaces 

Joint opening 

Excessive deformation 

Operational difficulties 

Even when structural failure does not occur, serviceability problems 
can significantly reduce product value. 

3.6.8 Effects on Flooring Systems 

Flooring systems are particularly sensitive to swelling and 
shrinkage. 

Swelling Effects 

May cause: 

Buckling 

Compression stresses 

Surface distortion 

Shrinkage Effects 

May cause: 

Gaps between boards 

Joint separation 

Surface checking 

The reviewed literature identifies flooring failures as one of the most 
common manifestations of dimensional instability. 

 

High Humidity      ↓Swelling      ↓Buckling/UpliftLow Humidity      
↓Shrinkage      ↓Gapping/Checking 

3.6.9 Effects on Furniture Performance 

Furniture products require high dimensional precision. 

Swelling and shrinkage may result in: 

Functional Problems 

Sticking drawers 

Misaligned doors 

Joint loosening 

Aesthetic Problems 

Surface cracking 

Finish failure 

Visible gaps 

Furniture manufacturers therefore place considerable emphasis on 
dimensional stability. 

3.6.10 Effects on Joinery Products 

Joinery applications include: 

Doors 

Windows 

Cabinets 

Interior fittings 
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These products frequently experience dimensional instability 
because of changing indoor humidity. 

Consequences include: 

Poor fit 

Reduced functionality 

Increased maintenance 

The reviewed literature emphasizes proper moisture conditioning 
prior to installation. 

3.6.11 Effects on Fasteners and Connections 

Timber structures depend heavily on connections. 

Swelling and shrinkage influence: 

Nail Performance 

Repeated movement may loosen nails. 

Screw Holding Capacity 

Dimensional changes affect withdrawal resistance. 

Adhesive Joints 

Stress development may weaken adhesive bonds. 

Connection performance therefore depends partly on dimensional 
stability. 

3.6.12 Effects on Coatings and Finishes 

Protective coatings are designed to: 

Improve aesthetics 

Reduce moisture uptake 

Enhance durability 

However, swelling and shrinkage may cause: 

Cracking 

Peeling 

Delamination 

Loss of adhesion 

Repeated moisture cycling accelerates coating degradation. 

3.6.13 Durability Implications 

Dimensional instability indirectly influences durability. 

Cracks and checks created by shrinkage may: 

Increase moisture penetration 

Promote fungal attack 

Facilitate insect infestation 

Thus, swelling and shrinkage contribute indirectly to biological 
degradation. 

3.6.14 Moisture Cycling and Long-Term Performance 

Timber products rarely remain under constant moisture conditions. 

Instead, they experience repeated: 

Wetting 

Drying 

Seasonal humidity fluctuations 

Repeated cycles produce cumulative effects including: 

Fatigue 

Stress accumulation 

Progressive deterioration 

This phenomenon is increasingly recognized in long-term service-
life prediction models. 

3.6.15 Exterior Timber Applications 

Outdoor timber applications experience the greatest moisture 
fluctuations. 

Examples include: 

Decking 

Utility poles 

Fencing 

Cladding 

Bridges 

These products undergo repeated swelling and shrinkage cycles 
that may accelerate degradation. 

Consequently, dimensional stability is particularly important in 
exterior environments. 

3.6.16 Service Life Implications 

Service life is influenced by: 

Moisture exposure 

Dimensional stability 

Structural integrity 

Maintenance requirements 

The reviewed literature demonstrates that improved dimensional 
stability generally results in: 

Longer service life 

Reduced maintenance costs 

Improved sustainability 

3.6.17 Effects on Engineered Wood Products 

Engineered wood products were developed partly to address 
dimensional instability. 

Examples include: 

Plywood 

Cross-laminated veneers reduce anisotropic movement. 

LVL 

Improved dimensional uniformity. 

Glulam 

Enhanced stability through lamination. 

CLT 

Cross-layer arrangement reduces swelling and shrinkage effects. 

These products generally exhibit superior performance compared to 
solid timber. 

 

 

Table 5. Service-Performance Consequences of Dimensional 
Instability 

Application Major Impact 
Structural timber Distortion and stress development 
Flooring Buckling and gapping 
Furniture Joint loosening and deformation 
Joinery Poor fit and functionality 
Coatings Cracking and peeling 
Exterior timber Accelerated deterioration 

Engineered wood Improved stability but not complete 
elimination 

3.6.18 Climate Change and Future Service Performance 

Climate change is expected to increase variability in: 

Temperature 

Relative humidity 
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Rainfall patterns 

These changes may increase moisture fluctuations and 
consequently: 

Shrinkage 

Timber deterioration 

Future timber products must therefore be designed for greater 
environmental resilience. 

3.6.19 Advanced Perspective: Hygro-Mechanical Performance 

Framework 

Contemporary timber engineering increasingly views service 
performance through a hygro-mechanical framework. 

Under this framework: 

Environment      ↓Moisture Change      ↓Dimensional Response      
↓Stress Development      ↓Performance Outcome 

This integrated perspective allows better prediction of long-term 
timber behavior. 

3.6.20 Critical Synthesis 

The reviewed literature demonstrates that swelling and shrinkage 
exert profound influences on timber service performance. Their 
effects extend beyond visible defects to encompass structural 
reliability, durability, functionality, aesthetics, and service life. 

Successful timber utilization therefore requires proactive 
management of moisture-induced dimensional change through 
appropriate design, material selection, moisture control, and 
technological intervention. 

3.7 Determinants of Dimensional Stability 

3.7.1 Introduction 

The extent to which timber swells and shrinks is not uniform among 
species, products, or service environments. Instead, dimensional 
behavior reflects the interaction of anatomical, chemical, physical, 
environmental, and technological factors operating across multiple 
scales of wood organization. 

Understanding these factors is fundamental for: 

Predicting timber performance 

Improving dimensional stability 

Designing appropriate drying schedules 

Selecting suitable species 

Developing engineered wood products 

Enhancing service life 

The reviewed literature demonstrates that dimensional stability is 
controlled by both intrinsic properties of wood and extrinsic 
environmental conditions. 

3.7.2 Species Effects 

Species is one of the most important determinants of swelling and 
shrinkage. 

The reviewed studies show substantial interspecific variation in 
dimensional behavior. 

Low-Movement Species 

Generally exhibit: 

Lower shrinkage coefficients 

Greater dimensional stability 

Better service performance 

High-Movement Species 

Often exhibit: 

Greater moisture sorption 

Larger dimensional changes 

Increased risk of defects 

These differences arise primarily from variations in anatomy and 
chemical composition. 

3.7.3 Wood Density 

Wood density strongly influences swelling and shrinkage behavior. 

However, the relationship is complex. 

Higher Density Woods 

Often possess: 

Greater cell wall material 

Increased moisture sorption capacity 

Potentially greater total shrinkage 

Lower Density Woods 

Often possess: 

Less cell wall material 

Lower shrinkage potential 

The reviewed literature suggests that density alone does not 
determine dimensional stability, but it remains an important 
predictor. 

3.7.4 Cell Wall Composition 

The chemical composition of wood significantly affects moisture 
sorption and dimensional behavior. 

Cellulose 

Provides structural rigidity. 

Hemicellulose 

Most responsible for moisture sorption. 

Lignin 

Reduces hygroscopicity. 

Species containing higher proportions of hemicellulose often exhibit 
greater swelling and shrinkage. 

3.7.5 Extractive Content 

Extractives influence dimensional stability through modification of 
moisture interactions. 

High extractive content may: 

Reduce moisture uptake 

Block cell wall pores 

Improve dimensional stability 

This explains why some tropical hardwoods exhibit excellent 
stability despite high density. 

Examples include: 

Pterocarpus angolensis 

Baikiaea plurijuga 

3.7.6 Grain Orientation 

Grain orientation exerts profound effects on dimensional behavior. 

Straight Grain 

Produces: 

More predictable movement 

Greater stability 

Spiral Grain 

Produces: 

Increased twisting 

Greater distortion 

Interlocked Grain 
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May improve dimensional stability in some species but complicates 
machining. 

3.7.7 Growth Ring Characteristics 

Growth ring structure strongly influences dimensional change. 

Important variables include: 

Ring Width 

Earlywood-Latewood Ratio 

Ring Uniformity 

Species with pronounced growth rings often exhibit greater 
anisotropic movement. 

3.7.8 Juvenile versus Mature Wood 

 

Figure 8. Qualitative comparison of juvenile and mature wood 
characteristics relevant to dimensional stability and service performance. 

Juvenile wood generally exhibits: 

Greater longitudinal shrinkage 

Larger microfibril angles 

Lower dimensional stability 

Mature wood generally exhibits: 

Greater uniformity 

Improved dimensional performance 

This distinction is increasingly important in plantation forestry. 

Table 6. Juvenile Versus Mature Wood Characteristics Relevant to 
Stability 

Property Juvenile Wood Mature Wood 
Longitudinal Shrinkage Higher Lower 
Stability Lower Higher 
Microfibril Angle Larger Smaller 
Service Performance Lower Higher 

3.7.9 Reaction Wood 

Reaction wood often exhibits abnormal dimensional behavior. 

Compression Wood (Softwoods) 

Associated with: 

High longitudinal shrinkage 

Severe distortion 

Tension Wood (Hardwoods) 

Associated with: 

Excessive movement 

Drying difficulties 

Reaction wood is therefore a major contributor to instability. 

3.7.10 Moisture Content 

Moisture content remains the single most important immediate 
driver of swelling and shrinkage. 

Below the fibre saturation point: 

Moisture gain causes swelling. 

Moisture loss causes shrinkage. 

The magnitude of movement is generally proportional to moisture 
change. 

3.7.11 Relative Humidity 

Relative humidity determines equilibrium moisture content. 

Changes in humidity produce: 

Seasonal movement 

Daily fluctuations 

Long-term dimensional cycling 

Timber products exposed to variable humidity environments exhibit 
greater dimensional instability. 

3.7.12 Temperature Effects 

Temperature influences: 

Moisture sorption 

Diffusion rates 

Equilibrium moisture content 

Although temperature has less direct impact than moisture content, 
it strongly modifies moisture-related behavior. 

3.7.13 Environmental Exposure 

Service environment significantly affects dimensional performance. 

Interior Applications 

Typically experience: 

Smaller moisture fluctuations 

Greater stability 

Exterior Applications 

Experience: 

Repeated wetting and drying 

Larger dimensional changes 

Increased deterioration risk 

Environmental exposure therefore strongly influences service 
performance. 

3.7.14 Drying History 

Drying history affects future dimensional behavior. 

Improper drying may result in: 

Residual stresses 

Case hardening 

Reduced stability 

Proper seasoning improves dimensional performance. 

The reviewed literature consistently identifies drying quality as a 
critical factor. 

3.7.15 Kiln Drying Practices 

Kiln drying schedules influence: 

Moisture gradients 

Internal stress development 

Dimensional stability 

Optimized schedules minimize: 

Checking 

Splitting 

Warping 

and improve long-term performance. 
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3.7.16 Wood Modification Technologies 

Modern wood modification technologies significantly improve 
dimensional stability. 

Examples include: 

Thermal Modification 

Reduces hygroscopicity through chemical changes. 

Acetylation 

Blocks hydroxyl groups and reduces moisture sorption. 

Furfurylation 

Improves dimensional stability and durability. 

These technologies represent important advances in timber 
utilization. 

3.7.17 Preservative Treatments 

Some preservative systems influence dimensional behavior by: 

Altering moisture interactions 

Modifying cell wall chemistry 

However, effects vary among treatment types. 

3.7.18 Engineered Wood Manufacturing 

Engineered products improve stability through: 

Layering 

Cross-lamination 

Veneer orientation 

These strategies reduce anisotropic movement and improve service 
performance. 

Species   ↓Anatomy   ↓Density   ↓Moisture Behavior   ↓Swelling & 
Shrinkage   ↑Environment   ↑Drying   ↑Wood Modification 

3.7.19 Climate Change as an Emerging Factor 

Climate change is expected to influence dimensional stability 
through: 

Increased humidity variability 

More frequent droughts 

Extreme rainfall events 

Greater temperature fluctuations 

Future timber products must therefore be designed to withstand 
increasingly variable moisture conditions. 

3.7.20 Advanced Perspective: Integrated Dimensional Stability 

Model 

Modern research increasingly views dimensional stability as an 
emergent property resulting from interactions among: 

Genetics 

Wood anatomy 

Chemistry 

Processing history 

Environmental exposure 

This systems perspective provides a more comprehensive 
understanding of timber performance than any single-factor 
explanation. 

3.7.21 Critical Synthesis 

The reviewed literature demonstrates that swelling and shrinkage 
are influenced by a complex hierarchy of interacting factors. While 
moisture content remains the immediate driver of dimensional 
change, the magnitude and consequences of movement depend on 
species characteristics, anatomy, density, environmental 
conditions, processing history, and technological interventions. 

A comprehensive understanding of these factors is essential for 
improving dimensional stability and maximizing timber service 
performance. 

3.8 Mitigation and Moisture-Resilient Timber Strategies 

3.8.1 Introduction 

 

Figure 9. Integrated mitigation strategies identified in the review, spanning 
processing, design, modification, environmental control, and monitoring. 

Given the significant effects of moisture-induced dimensional 
changes on timber quality, durability, and service performance, 
considerable scientific effort has focused on developing strategies 
to reduce swelling and shrinkage. 

The reviewed literature demonstrates that no single solution 
completely eliminates dimensional instability. Rather, effective 
control requires integrated approaches involving: 

Species selection 

Proper drying 

Moisture management 

Wood modification 

Protective treatments 

Engineering design 

Environmental control 

The effectiveness of these interventions depends on timber species, 
intended application, exposure conditions, and economic 
considerations. 

3.8.2 Species Selection as a Preventive Strategy 

The most fundamental approach to dimensional stability begins with 
species selection. 

Species differ considerably in: 

Shrinkage coefficients 

Moisture sorption behavior 

Anisotropy 

Service performance 

Species with naturally low shrinkage values and low T/R ratios 
generally exhibit superior dimensional stability. 

The reviewed literature consistently emphasizes species selection 
as the first line of defense against dimensional instability. 

3.8.3 Proper Seasoning of Timber 

Seasoning reduces moisture content to levels appropriate for 
intended service conditions. 

Objectives of Seasoning 

Reduce dimensional movement 

Improve stability 

Minimize defects 

Improve durability 

Enhance mechanical properties 
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Proper seasoning remains one of the most effective methods for 
reducing swelling and shrinkage problems. 

3.8.4 Air Drying 

Air drying remains widely used in many developing countries. 

Advantages 

Low cost 

Simple technology 

Reduced energy requirements 

Limitations 

Slow drying rates 

Limited control 

Greater exposure to environmental variation 

Despite its limitations, air drying can substantially improve 
dimensional stability when properly managed. 

3.8.5 Kiln Drying 

Kiln drying provides controlled moisture removal. 

Advantages include: 

Faster drying 

Better moisture uniformity 

Reduced defect formation 

Improved dimensional stability 

The reviewed studies consistently demonstrate that properly 
designed kiln schedules significantly reduce future swelling and 
shrinkage problems. 

3.8.6 Moisture Conditioning 

Moisture conditioning involves equilibrating timber to anticipated 
service moisture conditions before installation. 

Benefits 

Reduced post-installation movement 

Improved dimensional stability 

Reduced service failures 

Conditioning is particularly important for: 

Flooring 

Furniture 

Joinery 

Interior applications 

Green Timber      ↓Drying      ↓Conditioning      ↓Equilibrium Moisture 
Content      ↓Installation      ↓Improved Stability 

3.8.7 Design-Based Mitigation Approaches 

Engineering design can significantly reduce the impacts of swelling 
and shrinkage. 

Important approaches include: 

Allowance for Movement 

Design joints to accommodate dimensional changes. 

Proper Fastening Systems 

Permit controlled movement. 

Moisture Barriers 

Reduce moisture fluctuations. 

Ventilation 

Promote moisture balance. 

Design-based solutions remain essential in timber construction. 

3.8.8 Surface Coatings and Finishes 

Surface treatments reduce moisture exchange between timber and 
the environment. 

Examples include: 

Paints 

Varnishes 

Sealants 

Polyurethane coatings 

Water repellents 

These treatments slow moisture uptake and loss. 

However, coatings do not completely eliminate movement. 

3.8.9 Preservative Treatments 

Some preservative systems influence dimensional stability. 

Potential mechanisms include: 

Reduced moisture penetration 

Modified cell wall chemistry 

Improved durability 

The reviewed literature indicates variable effects depending on 
preservative type and retention level. 

3.8.10 Thermal Modification 

Thermal modification involves heating wood at elevated 
temperatures. 

Typically: 

180–240°C 

Effects 

Reduced hygroscopicity 

Improved dimensional stability 

Reduced swelling 

Reduced shrinkage 

Mechanism 

Thermal degradation of hemicelluloses reduces available hydroxyl 
groups. 

Thermal modification is increasingly used in Europe and North 
America. 

Table 7. Effects of Thermal Modification on Moisture-Related 
Dimensional Behaviour 

Property Effect 
Hygroscopicity Reduced 
Swelling Reduced 
Shrinkage Reduced 
Durability Increased 
Dimensional Stability Improved 

3.8.11 Acetylation 

Acetylation is one of the most effective wood modification 
technologies currently available. 

Principle 

Hydroxyl groups are replaced with acetyl groups. 

Effects 

Reduced moisture sorption 

Improved dimensional stability 

Enhanced durability 

Reduced swelling 

The reviewed literature identifies acetylation as one of the most 
successful approaches for controlling moisture-induced movement. 
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3.8.12 Furfurylation 

Furfurylation involves polymerization of furfuryl alcohol within wood 
structure. 

Benefits include: 

Reduced swelling 

Improved stability 

Increased durability 

Enhanced hardness 

This technology has gained increasing commercial importance. 

3.8.13 Chemical Modification 

Additional chemical modification approaches include: 

Resin impregnation 

Polymer treatments 

Cell wall bulking agents 

These treatments reduce moisture accessibility and improve 
dimensional stability. 

3.8.14 Nanotechnology Applications 

Emerging research explores nanotechnology-based solutions. 

Examples include: 

Nano-coatings 

Nanocellulose treatments 

Nanocomposite systems 

Potential benefits include: 

Reduced moisture uptake 

Improved surface protection 

Enhanced durability 

Although promising, many applications remain experimental. 

3.8.15 Engineered Wood Products 

Engineered wood technologies represent one of the most 
successful approaches to controlling dimensional instability. 

Examples include: 

Plywood 

Cross-laminated veneers reduce anisotropic movement. 

Laminated Veneer Lumber (LVL) 

Improves dimensional consistency. 

Glulam 

Enhances structural stability. 

Cross-Laminated Timber (CLT) 

Provides excellent dimensional performance. 

These products distribute stresses more uniformly than solid timber. 

3.8.16 Cross-Lamination Strategy 

Cross-lamination works by orienting adjacent layers perpendicular 
to one another. 

Benefits include: 

Reduced anisotropy 

Improved dimensional stability 

Reduced warping 

Enhanced structural performance 

This principle forms the basis of many engineered wood products. 

Layer 1  →→→→→Layer 2  ↑↑↑↑↑Layer 3  →→→→→Reduced 
Dimensional Movement 

3.8.17 Environmental Control 

Control of service environment remains a highly effective strategy. 

Important measures include: 

Humidity Regulation 

Maintaining stable RH. 

Ventilation 

Reducing moisture accumulation. 

Building Design 

Preventing water ingress. 

Moisture Monitoring 

Detecting harmful moisture levels. 

Environmental management often provides the greatest long-term 
benefits. 

3.8.18 Moisture Monitoring Technologies 

Recent advances include: 

Wireless moisture sensors 

Smart building systems 

Real-time monitoring networks 

These technologies enable proactive management of moisture-
related risks. 

3.8.19 Climate-Smart Timber Utilization 

Climate change is expected to increase environmental variability. 

Future mitigation strategies must therefore incorporate: 

Climate adaptation 

Moisture resilience 

Durable materials 

Advanced modification technologies 

Climate-smart timber systems will become increasingly important. 

3.8.20 Economic Considerations 

Mitigation strategies vary considerably in cost. 

Low-Cost Approaches 

Species selection 

Proper drying 

Moisture conditioning 

Moderate-Cost Approaches 

Surface coatings 

Improved design 

High-Cost Approaches 

Acetylation 

Furfurylation 

Advanced engineered products 

Selection should therefore consider cost-benefit relationships. 

3.8.21 Integrated Dimensional Stability Framework 

The reviewed literature suggests that optimal dimensional stability 
is achieved through integration of multiple approaches. 

Species Selection        ↓Proper Drying        ↓Moisture Conditioning        
↓Wood Modification        ↓Environmental Control        ↓Improved 
Service Performance 

3.8.22 Advanced Perspective: Toward Moisture-Resilient Timber 

Systems 

Contemporary research increasingly focuses on developing 
moisture-resilient timber systems that combine: 
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Advanced materials 

Predictive modelling 

Smart monitoring 

Sustainable processing 

These integrated systems represent the future of timber utilization. 

3.8.23 Critical Synthesis 

The reviewed literature demonstrates that swelling and shrinkage 
cannot be completely eliminated but can be substantially reduced 
through appropriate management and technological interventions. 

Among current technologies, acetylation, thermal modification, 
engineered wood products, and moisture monitoring systems show 
particularly strong potential for improving dimensional stability and 
extending service life. 

3.9 Climate Resilience, Knowledge Gaps, and Research 

Priorities 

The most important gaps are not limited to mechanism discovery. 
They concern translation: how laboratory measurements of 
sorption, shrinkage, swelling, and moisture cycling can be 
converted into reliable predictions of timber performance under 
realistic service environments. The review therefore emphasizes 
evidence gaps that can be addressed through standardized 
measurements, species-specific datasets, coupled hygro-
mechanical models, long-term exposure studies, and monitoring-
enabled service-life assessment. 

3.9.1 Introduction 

 

Figure 10. Research priorities emerging from the review, with emphasis on 
climate resilience, tropical and African timber species, predictive modelling, 

standardization, and smart monitoring. 

Despite more than a century of research on wood-water 
relationships, moisture-induced swelling and shrinkage remain 
among the most challenging problems in timber science and 
utilization. Significant advances have been made in wood physics, 
drying technology, wood modification, and engineered wood 
products; however, important scientific, technological, and practical 
knowledge gaps remain. 

Addressing these gaps is essential for improving dimensional 
stability, extending service life, reducing economic losses, and 
supporting sustainable forest products utilization under changing 
environmental conditions. 

3.9.2 Limited Understanding of Tropical Timber Species 

Most swelling and shrinkage research has focused on: 

North American species 

European species 

Commercial plantation softwoods 

Comparatively few studies have examined: 

Tropical hardwoods 

African timber species 

Indigenous woodland species 

This imbalance limits understanding of dimensional behavior in 
many commercially important tropical timbers. 

Future research should prioritize: 

African hardwood species 

Miombo woodland species 

Underutilized tropical timbers 

3.9.3 Knowledge Gaps in African Timber Species 

Many African species remain poorly characterized with respect to: 

Shrinkage coefficients 

Swelling behavior 

Moisture sorption 

Service performance 

Important examples include: 

Pterocarpus angolensis 

Baikiaea plurijuga 

Afzelia quanzensis 

Guibourtia coleosperma 

Further research is needed to support sustainable utilization and 
value addition. 

3.9.4 Climate Change and Timber Dimensional Stability 

One of the most significant emerging research areas concerns 
climate change. 

Projected climate changes include: 

Increased temperatures 

Variable humidity 

Extreme rainfall events 

Prolonged droughts 

These changes are likely to alter: 

Moisture cycling patterns 

Timber performance 

Service-life expectations 

Long-term experimental studies are urgently needed. 

3.9.5 Moisture Cycling Under Future Climate Conditions 

Current design standards are largely based on historical climatic 
conditions. 

Future research should investigate: 

Accelerated Moisture Cycling 

Extreme Humidity Events 

Combined Heat and Moisture Effects 

Climate-Resilient Timber Products 

These topics are becoming increasingly important for sustainable 
construction. 

3.9.6 Predictive Models for Service Performance 

Although considerable knowledge exists regarding swelling and 
shrinkage mechanisms, prediction of long-term timber performance 
remains challenging. 

Future research should focus on: 

Mechanistic models 

Service-life prediction systems 

Multi-scale simulation approaches 

These tools could improve product design and risk assessment. 
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3.9.7 Artificial Intelligence and Machine Learning 

Artificial intelligence offers promising opportunities. 

Potential applications include: 

Moisture Prediction 

Forecasting moisture behavior. 

Defect Prediction 

Identifying high-risk products. 

Service-Life Assessment 

Predicting durability outcomes. 

Smart Manufacturing 

Optimizing drying schedules. 

Integration of AI into timber science remains relatively 
underdeveloped. 

3.9.8 Smart Timber Systems 

Emerging technologies are enabling development of smart timber 
products. 

Examples include: 

Embedded moisture sensors 

Wireless monitoring systems 

Internet of Things (IoT) platforms 

Digital twins 

These technologies may transform timber performance monitoring. 

3.9.9 Nanotechnology and Advanced Materials 

Nanotechnology represents a rapidly expanding research frontier. 

Potential applications include: 

Nano-coatings 

Nano-barriers 

Nanocomposites 

Functionalized cell walls 

Future studies should evaluate: 

Effectiveness 

Durability 

Cost efficiency 

Environmental impacts 

3.9.10 Research Gaps in Wood Modification Technologies 

Although technologies such as: 

Thermal modification 

Acetylation 

Furfurylation 

have shown promising results, several questions remain. 

Future research should investigate: 

Long-term durability 

Environmental sustainability 

Cost-effectiveness 

Industrial scalability 

3.9.11 Engineered Wood Products Under Moisture Stress 

Engineered wood products have improved dimensional stability, but 
important knowledge gaps remain. 

Research priorities include: 

Cross-Laminated Timber (CLT) 

Laminated Veneer Lumber (LVL) 

Hybrid Timber Systems 

Mass Timber Structures 

Particularly under extreme environmental conditions. 

3.9.12 Sustainability and Circular Bioeconomy 

The transition toward circular bioeconomies creates new research 
opportunities. 

Future studies should examine: 

Reusability of timber products 

Carbon retention 

Lifecycle performance 

End-of-life management 

Dimensional stability plays a critical role in these assessments. 

3.9.13 Standardization Challenges 

Current testing standards vary among countries and institutions. 

Future priorities include: 

Harmonized testing procedures 

International databases 

Standardized reporting systems 

Improved standardization would facilitate global comparison of 
results. 

Table 8. Research Gaps and Priority Directions 

Research Gap Future Research Priority 

Tropical timber species Expanded dimensional stability 
databases 

African timber species Species-specific studies 
Climate change impacts Long-term monitoring 
Moisture cycling Accelerated aging experiments 
Predictive modelling Multi-scale simulation models 
Artificial intelligence Defect and performance prediction 
Smart timber systems Real-time monitoring technologies 
Wood modification Sustainability assessments 
Engineered wood products Moisture-resilience studies 
Circular bioeconomy Lifecycle analysis 

3.9.14 Advanced Perspective: Towards Moisture-Resilient Timber 

Systems 

The future of timber utilization will likely involve integration of: 

Advanced wood modification 

Smart monitoring technologies 

Artificial intelligence 

Climate adaptation strategies 

Sustainable product design 

Such systems will shift timber science from reactive defect 
management to proactive performance optimization. 

3.9.15 Critical Synthesis 

The reviewed literature demonstrates that significant progress has 
been made in understanding swelling and shrinkage. However, 
future challenges associated with climate change, sustainable 
construction, engineered wood products, and digital technologies 
require new interdisciplinary approaches. 

Future research should move beyond isolated investigations of 
dimensional change and instead focus on integrated moisture-
performance systems capable of supporting sustainable forest 
products utilization. 
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4. Conclusions and Implications 

4.1 Integrated Interpretation 

This systematic review synthesized current knowledge regarding 
moisture-induced swelling and shrinkage in timber and evaluated 
their implications for dimensional stability, service performance, and 
forest products utilization. 

Following PRISMA guidelines, 184 studies published between 1980 
and 2026 were reviewed, covering wood-water relationships, 
anisotropic behavior, timber defects, service performance, 
influencing factors, and mitigation strategies. 

4.2 Major Findings 

The review demonstrates that swelling and shrinkage are 
fundamental consequences of the hygroscopic nature of wood. 

Key findings include: 

Wood-Water Relationships 

Dimensional changes originate primarily from bound water 
interactions within the cell wall below the fibre saturation point. 

Anisotropic Behavior 

Wood exhibits unequal dimensional movement: 

Tangential direction: highest movement 

Radial direction: intermediate movement 

Longitudinal direction: lowest movement 

Timber Defects 

Swelling and shrinkage contribute directly to: 

Warping 

Cupping 

Bowing 

Twisting 

Checking 

Splitting 

Service Performance 

Dimensional instability affects: 

Structural reliability 

Durability 

Functionality 

Service life 

Influencing Factors 

Major determinants include: 

Species 

Density 

Wood anatomy 

Moisture content 

Environmental conditions 

Processing history 

Mitigation Strategies 

Effective approaches include: 

Proper drying 

Moisture conditioning 

Wood modification 

Engineered wood products 

Environmental control 

4.3 Practical and Research Implications 

The findings have important implications for: 

Forestry 

Species selection and timber quality improvement. 

Wood Processing 

Drying technology and defect reduction. 

Construction 

Improved dimensional stability and structural reliability. 

Furniture Manufacturing 

Enhanced product performance. 

Engineered Wood Products 

Development of moisture-resilient systems. 

Sustainability 

Extended service life and resource efficiency. 

4.4 Final Conclusion 

Moisture-induced swelling and shrinkage remain among the most 
important factors affecting timber performance in service. Their 
impacts extend far beyond simple dimensional changes and 
influence timber quality, structural reliability, durability, economic 
value, and sustainability. 

As timber assumes an increasingly important role in sustainable 
construction and climate-smart development, improving 
dimensional stability will remain a central objective of wood science 
and forest products research. 

Future advances in wood modification, smart monitoring 
technologies, predictive modelling, and climate-resilient timber 
systems offer significant opportunities for reducing moisture-related 
problems and enhancing the sustainable utilization of forest 
resources. 
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