

Preface

Corrugated board has captivated me professionally for more than thirty years.

My career began with trials in direct offset printing on corrugated board, seeking marketable print quality. Persistent striping and crushing revealed intricacies beyond textbook knowledge, even though the project fell short.

Corrugated board has remained central to my work ever since. Over the years, I have approached it from many perspectives: as a printing substrate, a bonding substrate, a folding material, and a transport packaging material. Each time I believed I had mastered it, new complexities emerged. I continue to learn from it today; this ongoing learning is what keeps the material so engaging.

Against this backdrop of continuous discovery, I offer this book. It does not claim to have all the answers. Instead, it is an attempt to make visible the connections that tend to get lost in day-to-day practice: how micrometres at the corrugator become millimetre deviations at the packaging line; why a glue line fails even though the adhesive is perfectly sound; and why reducing consumption sometimes improves quality rather than compromising it.

I wrote this book originally for myself—to clarify my understanding. Chapters evolved from private notes. The intention to share came later, as I wanted others working with the material to benefit.

This book is written with three main audiences in mind: the converter production manager responsible for line results, the packaging engineer who specifies materials, and the adhesive and coating specialist focused on technical detail. If you work in an adjacent field, such as paper mills, OEMs, or retail, you will find context tailored for you in the Introduction and Glossary, ensuring relevance across the value chain.

A note on transparency: my professional home is Baumer hhs, a supplier of adhesive application and monitoring technology. Specific systems from that company appear in later chapters as illustrative examples. I have taken care to describe the underlying physics and engineering principles without framing the discussion around product specifications; wherever a named product is referenced, the reader can substitute an equivalent system from another supplier without losing the argument.

In that same spirit, the book is sold at cost. The price is set to cover the expenses incurred in producing it, and no more. I deliberately chose the route of a book-on-demand publisher rather than a conventional publishing house because it keeps the cost to the reader low and aligns with the spirit in which the book was written: as a contribution to a shared field of practice, not as a commercial product.

If you see certain things differently, that is a good thing. If you would like to add something or share a comment, I welcome your feedback. A technical book thrives on dialogue, and for me, that dialogue has only just begun with this book, not ended.

My thanks go to the colleagues at Baumer hhs, whose daily work in adhesive application and quality monitoring made the practical grounding of this book possible. I am equally grateful to the many corrugated board converters who have given me insight into their processes over the years and have helped shape my understanding of this material.

Thomas Walther

Krefeld, Spring 2026




Introduction

Corrugated board is one of the most sustainable packaging materials in the world, with recycling rates exceeding 90 per cent in Europe and a closed material cycle that is unmatched in the packaging industry. It is also one of the most underestimated. The industry measures grammage, bursting strength and edge crush values, yet the real causes of complaints, machine downtime and material waste lie deeper: in the interaction between surface quality, crease accuracy and glue line integrity.

When these relationships are not properly understood and controlled, the consequences are far-reaching. Converting lines come to a standstill because warped blanks can no longer be erected. Glue lines fail under the spring-back force of the material before the adhesive has even set. Incorrectly dimensioned packaging damages the product or fails retail acceptance testing. At the end of the chain come complaints, penalty charges and the loss of customer confidence, costs that can amount to many times the value of the material itself.

This book follows a corrugated board blank from its formation at the corrugator, through converting at the folder-gluer, to the finished pack on the pallet. It shows how washboarding at the micrometre scale disrupts adhesive distribution, how warp places the glue line under peel stress, and why a wandering crease line results, further down the chain, in a box that can no longer be erected. But it also shows how this cascade of failures can be broken with the right means: through stitching that reinforces the glue line rather than weakening it, and through waterscoring that removes the spring-back force from the material before it can cause damage.

The relationships presented here are grounded in scientific research, practical experience and measurement-based evidence. They are addressed to everyone who manufactures, converts or specifies corrugated board and wants to understand what truly holds this material together.

Each chapter begins with an introduction card that provides a brief overview and orientation for the reader; for further guidance, see the section Structure: “How to Use the Introduction Cards”.




Scope

This book focuses on box production at the flexo folder-gluer and on the behaviour of the finished pack on packing lines, on the pallet and in the supply chain. It addresses the corrugator only to the extent that its process outputs, washboarding, warp, paper moisture and bond quality, influence subsequent converting.

It is not a handbook of corrugated board manufacture, but an analysis of the value chain from folder-gluer bonding to the retail shelf.

Each chapter draws on published research, patents and field evidence. Where the evidence base is thin, this is stated openly. The analogies used throughout, from aerospace engineering and from medicine, are there to aid understanding, not to oversimplify. The underlying mechanisms are described in their full depth.




Structure

The book follows a medical logic: from anatomy and pathology through symptom and diagnosis to treatment and prognosis.

Part I - Anatomy (Chapters 1 and 2). Chapter 1 establishes the stakes: why millimetre deviations at the manufacturer’s joint can cascade through the entire supply chain. Chapter 2 traces the origin of defects at the corrugator: washboarding, warp, striping, crushing and their interactions with moisture.

Part II - The Consequences, or Pathology (Chapters 3 to 5). Chapter 3 follows the defects to the folder-gluer, where they converge at the manufacturer’s joint. Chapter 4 quantifies the economic costs of dimensional deviation, from case erector stoppages to pallet rejection and retail chargebacks. Chapter 5 examines the ecological dimension: why the environmental leverage of packaging lies in its protective function, not in its material weight.

Part III - Root Cause Analysis, or Diagnosis (Chapters 6 to 9). Chapter 6 provides a systematic diagnosis: the causal chain, the interaction matrix, and the insight that variation, not systematic deviation, is the true enemy. Chapter 7 reads the causes of folding variation across the converting line: the lateral offset at the infeed, the skewed feed, the cut position relative to the flute, the moisture gradient across the pallet and the two kinds of crushing. Chapter 8 turns to the secondary fracture next to the crease, the so-called Nebenbruch, and maps its six causes from tool overdrive through flute phase to false scoring. Chapter 9 addresses adhesive application defects, their patterns, their causes, and a three-level safety concept for prevention, detection and response.

Part IV - The Treatment, or Therapy (Chapters 10 to 12). Chapter 10 introduces stitching: interrupted adhesive application as a damage-tolerance strategy for the manufacturer’s joint, drawing on the principle of crack arrest from aerospace engineering. Chapter 11 presents waterscoring: targeted crease-line conditioning that reduces spring-back forces, homogenises crease quality and prevents liner fracture. Chapter 12 extends the waterscoring concept beyond the folder-gluer to packing-line applications.

Part V- Synthesis and Outlook (Chapter 13). The final chapter brings the threads together. It describes the synergy between stitching and waterscoring, defines the limits of both interventions, and provides a staged implementation sequence with an economic assessment. It closes with an integrated response to the challenge posed by material reduction regulation. The central argument of this book can be stated in a single sentence:

The greatest threat to corrugated packaging is not the individual defect, but uncontrolled variation.

The greatest opportunity lies not in more forceful intervention, but in more intelligent conditioning.

The chapters that follow provide the evidence for this argument.


How to Use the Introduction Cards

The introduction cards at the beginning of each chapter are intended as a reading guide, not as a substitute for the chapter itself. They summarise the central question, the practical relevance, and the main economic, technical, ecological or regulatory implications. Their purpose is to help readers decide how deeply they need to enter a chapter according to their role, whether as production manager, line operator, quality manager, packaging engineer, or specialist supplier. Readers who need a quick orientation may use the cards to follow the argument of the book. Readers facing a specific problem should use them to identify where the full technical discussion begins.
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Part I – The Anatomy




Chapter 1: Why One Millimetre Can Break a Supply Chain




Introduction card

A one-millimetre dimensional deviation can stop a case erector, disturb pallet stability, and create costs far beyond the value of the box itself. This chapter explains why small geometric errors matter, where their effects first become visible, and how they move from the folder-gluer to the retail shelf.

“Why does a one-millimetre dimensional deviation at the manufacturer’s joint cascade across four nodes of the supply chain, and why is the case erector often the first place where the cost compounds?”

Economic impact: Dimensional deviations create costs at four main stations. At the case erector, small errors cause pop-opens and jams, leading to micro-stops of 30 to 180 seconds. These can add up to 15 to 30 minutes per shift. When the case erector stops, the filling and labelling lines often stop as well. At pallet level, boxes outside specification stack unevenly, concentrate loads at the corners, and can reduce real-world BCT by 30 to 50 per cent compared with laboratory values. At retail, the same defects can lead to returns, chargebacks, and supplier-rating penalties that exceed the direct cost of the defective pack.

Quality: Each defect has a measurable parameter or a diagnostic signature. Washboarding is measured as surface amplitude and should remain below 50 microns; above 100 microns, it becomes process-critical. Warp appears as millimetre-scale board curvature; the target moisture differential between outer and inner liner is below 1 per cent. Striping appears as periodic ink-density variation in post-print and as flute-height variation across the web, which should stay within ±2 per cent of nominal. Crushing requires special attention because the board can appear acceptable while its load-bearing capacity has already been reduced, the only one of the four defects without a reliable visible signature.

Process: Line performance is governed by variation, not by averages alone. The converter’s task is to understand and manage variation, not simply to remove it. This principle guides the later interventions. Stitching manages variation by design. Waterscoring narrows the range of variation where it matters most. This chapter establishes the framework for the rest of the book.

Limitations: This chapter defines the problem. It does not yet provide the solution. Solutions are introduced in Part IV, especially Chapters 10 to 12. The focus here is on diagnostic terms, the cost cascade, and the route through the later chapters.

Read in full: every reader of the book.

Prerequisite: none.

Follow-up: Chapter 2, where the defects begin.



On the Hidden Vulnerability of Corrugated Packaging

Imagine a filling line that erects, fills, closes, and palletises 200 packs per hour. At this pace, every stoppage is noticeable, yet small, repeated disruptions – like a misaligned flat or missed suction – halt the erector and back up the filling machine, eroding overall efficiency.

Products queue. A line operator removes the defective blank and restarts the machine. These events often go unlogged, so production reports look normal while the weekly OEE figure reveals hidden losses.

In the modern packaging industry, this critical connection is often underestimated. Most attention is drawn to major topics: machine speed, material costs, and sustainability. Less visible, yet more decisive, is an inconspicuous detail—dimensional accuracy. The real question? Whether a corrugated box, after creasing, folding, and glueing on the flexo folder-gluer (FFG), matches its intended dimensions.

This chapter shows what can happen when dimensional accuracy is missing. Millimetre deviations can cost tens of thousands of euros. The text traces hidden risks from the folder-gluer through the packing line, pallet and loading bay. It introduces two main principles for the book: damage tolerance and targeted conditioning.


1.1 The Packaging as an Interdependent Component

A corrugated box is not a standalone product. It is a component within a system of machines, processes and physical boundary conditions. At the flexo folder-gluer (FFG, a machine that creases, prints, folds, and glues box blanks), the flat blank (unassembled box) is creased, printed, folded and bonded at the manufacturer’s joint (MJ, the seam where the box is glued). The result is a knocked-down flat (KDF, a flat-packed box) that is only erected into a three-dimensional box at the end customer’s site or on a packing line.

That erection is the first moment of truth. The box must unfold with precision in a fraction of a second, be picked up by suction cups or grippers, fed into the forming station, and assume exactly the specified internal dimensions there. The tolerances (acceptable dimensional variation) in modern case erectors (machines that automatically form boxes) are typically 3 to 5 millimetres for standard RSC boxes (Regular Slotted Container, the most common box design)[86].

Though minor at first glance, tolerance stacking—the accumulation of tiny deviations—causes serious trouble. Picture this: a two-millimetre KDF width deviation. Add two more from fishtailing. Then throw in uneven creasing on top. Together, they overwhelm the erector.

This is called “starve and block” in the packaging machinery industry. One machine is blocked, while another is starved of input. The erector jams (blocks). Upstream, the filling equipment is no longer supplied with boxes (starves). On fast packing lines, such thirty-second stoppages typically go unlogged. In the author’s operational experience, they occur about ten to twenty times per shift [84], a figure consistent with stoppage ranges published by case-erector suppliers. The precise frequency varies significantly with line speed, substrate (the material used), and format. Together, these stoppages add up to hours of hidden OEE (Overall Equipment Effectiveness) losses each week.


1.2 Anatomy of a Failure: Fishtailing and Off-Dimension Boxes

The finished box’s surface appearance takes two dominant forms.

The first is the off-dimension box: although the panels meet, the gap at the manufacturer’s joint (glue seam) is either too wide or too narrow along its whole length.

The second is the fishtail: the two edges of the joint are not parallel, but splay outward like a fish’s tail, so that one end of the joint shows a wider gap than the other.

Both produce the same downstream symptom – a box that no longer engages with the case erector – but they arise from different mechanisms. A deep analysis of these two signatures, their upstream causes and the diagnostic patterns they leave in the bundle follows in Chapter 7, where the causes of folding variation are fully treated. Chapter 8 then turns to the secondary fracture that sometimes forms next to the primary crease and feeds into the same fold deviation.

Costs start before anyone understands the mechanism. Each off-dimension or fishtailed box from the folder-gluer triggers a chain of downstream costs. These costs are explored in this chapter and in Chapter 4.


1.3 The Multiplier Effect: From the Production Line to the Loading Bay

Dimensional deviations are not local problems. They multiply costs at every stage of the value chain. To see why, follow a defective box’s journey.

At the folder-gluer

The defect starts here: creasing is uneven, and spring-back forces vary. As a result, the fold misaligns from the crease line. When the manufacturer's joint is bonded under tension, the glue line is under peel stress from the start. In the delivery stacker, some boxes spring open because the glue line cannot resist the spring-back force.

At the packing line

Case erectors and filling stations are designed for boxes with accurate dimensions. Off-dimension boxes jam, tip, or fail to fully close. When the erector halts, the entire downstream line is affected. Upstream equipment backs up with each disruption.

On the pallet

The laboratory benchmark for stacking is the Box Compression Test (BCT), which measures the maximum weight a box can withstand before collapse. Flat platens are used, the load is centred, and humidity is controlled [40]. Yet, reality is different.


Sidebar: The Box Compression Test in two sentences

The Box Compression Test (BCT) measures the vertical load a corrugated box can withstand before its walls buckle; it is the standard laboratory test of stacking strength. Because lab conditions are ideal—with flat platens, a centred load, and controlled humidity—the BCT value serves as an upper bound. However, the load a box encounters in the supply chain is almost always lower.



At the retailer’s loading bay

The moment the pallet leaves the lorry marks the second moment of truth. Even if less than one per cent of the goods are affected, major retail chains reject entire pallets if a single box shows damage. Unloading windows are often measured in minutes, which makes inspection impractical. The result: anything that appears damaged is rejected in its entirety.

Major retailers’ chargeback programmes turn packaging failures into a direct financial liability for suppliers[36]. Administrative charges, per-unit surcharges, and return freight costs can quickly add up to thousands of euros per rejected pallet.


1.4 The Hidden Environmental Costs

The economic costs are severe, but they represent only the visible tip of the iceberg. Beneath them lies an environmental cascade that still receives too little attention in industry debate.

When a corrugated package fails, the damage does not stay with the box; instead, products nearby, including the contents, are damaged or contaminated. Even a single dented carton can change load distribution throughout the stack. In many cases, an entire pallet is rejected, even though most of its contents are in good condition.

In the food sector, this is especially true. For most food categories, packaging manufacturing accounts for only a small share of the product’s total climate impact—typically about 5 per cent, though it varies widely [102]. When packaging fails, and contents are discarded, every upstream resource is wasted: agricultural land, water, energy, transport, and cold-chain capacity. Packaging’s environmental leverage lies not in its material weight, but in its protective function.

There is another overlooked effect: soiled corrugated board disrupts recycling. Corrugated board is recycled at over 90 per cent in Europe, one of the highest rates among packaging materials [50]. Yet a single bale with food residues can ruin an entire batch. Moisture in recycling bales spreads like a contagion. It degrades nearby dry bales and forces paper mills to downgrade entire loads. Material that would be fully recoverable becomes second-grade furnish.

After environmental impacts, regulations become critical. European Regulation (EU) 2025/40, the Packaging and Packaging Waste Regulation (PPWR), entered into force on 11 February 2025. The full application is due on 12 August 2026 [26]. The regulation requires minimising packaging weight and volume while maintaining functionality. This is both right and necessary. Yet it creates a paradox.

The industry now uses lighter grammages, finer flute profiles, and narrower glue tabs. By reducing material per pack, each step tightens the margin for error. For instance, lighter liners are more brittle and crack during creasing, while lighter fluting media cause more washboarding. Additionally, narrower glue tabs mean less bonding area and less backup if a glue point fails.

The objective, therefore, cannot simply be less material. The objective must be smarter material choices and smarter processes. We need fewer grams per pack, but with processes that reliably deliver dimensional stability.

Smarter processes require a clear understanding of the challenge. That starts with a key distinction: which deviations can a line manager fix by adjustment, and which cannot be eliminated by any machine setting. This difference will run through the rest of this book.


1.5 Variation Is the Enemy, Not the Individual Deviation

If a machine systematically creases 1.5 millimetres too wide, that is a problem which can be resolved through adjustment. A technician corrects the setting, and the deviation is eliminated. Systematic errors of this kind are manageable.

What is not manageable is variation. If every tenth box has a different spring-back force because the crease line lands sometimes on a flute tip, sometimes in a valley and sometimes on a flute shoulder, no machine setting can help, because there is no single value to correct.

Nagasawa and Komiyama (2012) measured this effect with precision[29]. They defined the normalised deviation of the crease position from the flute tip and found that the greater the deviation, the greater the scatter in peak bending moment. The implication is clear: it is not the mean crease quality that determines box quality, but the variance in crease quality.

Nica et al. (2020) confirm this finding for inline creasing directly at the corrugator [30]. Because the crease is applied in the machine direction, the phase relationship between the creasing tool and the flute geometry varies both across the web width and over time. The result is an unavoidable scatter in the point of contact – tip, shoulder or valley – and therefore an unavoidable scatter in crease quality.

This insight is fundamental. Conventional process optimisation – the search for the correct setting value – reaches its limits when the underlying problem is variance. What is needed are methods that reduce the consequences of that variance rather than attempting to eliminate its causes. The two sections that follow introduce the principles behind those methods.


1.6 A Lesson from Aerospace: Designing for Damage Tolerance

To illustrate the principle behind the first of these solutions, it helps to look at another industry – one where the failure of a joint costs not complaints but lives. The aviation industry long ago accepted that micro-cracks in metallic structures cannot be entirely prevented over a service life of decades. What can be engineered is not their absence but their containment: fuselage skins are subdivided by stringers, frames and doublers that act as crack arrestors, so a propagating crack loses its energy at the next structural boundary and the aircraft loses a panel rather than its integrity.

The regulatory language for this is damage tolerance: a structure is certified not because it is defect-free, but because it can carry its operational loads with the defects it will realistically contain. Translated to a corrugated box, a continuous bead of adhesive along the manufacturer’s joint is a fuselage skin without stringers – maximum strength on a perfect day, but vulnerable to a single propagating failure. Short, offset segments of adhesive – stitching – introduce the same crack-arresting logic at the glue line. The underlying fracture mechanics and the trade-off between peak strength and tolerance are developed in detail in Chapter 10. For now, the insight that matters is simpler: the perfect glue line does not exist, and what matters is what happens when the real one falls short of perfect.


1.7 A Second Analogy: Medicine Rather Than Surgery

This book’s second core idea is a medical analogy. The corrugated industry typically responds to problems with more force: extra creasing pressure for cleaner folds, more adhesive for stronger bonds, and higher nip pressure for better contact. When results fall short, intensity is simply increased.

The problem is that every such intervention carries side effects. Higher creasing pressure results in greater crushing, causing permanent damage to the flute structure. Garbowski et al. (2021) show that at 70 per cent crush, bending stiffness falls by up to 50 per cent and shear stiffness drops disproportionately [4]. More adhesive extends open time and introduces additional moisture into the substrate, which in lightweight liners leads to saturation. Higher nip pressure displaces the adhesive from precisely the locations where it is needed.

The alternative is pharmacological: targeted, measured and local. Waterscoring – the localised application of a surfactant solution along the crease line – follows this principle exactly. It does not modify the machine; it modifies the material at the critical point. It reduces bending stiffness along the crease line, making the fold more precise and lowering spring-back forces. It increases the liner’s elasticity, preventing cracking. And it homogenises crease quality across varying contact positions between the creasing tool and the flute geometry.

As with any medication, the substance itself does not determine the outcome: the dose does. Too much moisture destabilises the material. Too little has no effect. The skill lies in calibrating the right dose to the liner type, flute profile and ambient conditions.

For now, remember: smarter intervention, not stronger effort, is key.


1.8 Thread Running Through This Book

The central argument of this book is that the most serious threat to corrugated packaging lies in uncontrolled variation, not in individual defects. Addressing this risk requires not stronger interventions but smarter, more targeted ways to condition the process and material.

The following chapters provide the evidence. Let us begin where these problems originate.




Chapter 2: Where Defects Begin: Washboarding, Warp, Striping and Crushing as the Corrugator’s Legacy




Introduction card

Four corrugator-side defects shape almost every downstream step: washboarding, warp, striping, and crushing. This chapter explains where they originate, how they travel through production, and why the folder-gluer can only manage their effects, not remove their causes. It is essential for readers who need to understand which upstream conditions later become folding, bonding, stacking, or retail problems.

“Which defects originate at the corrugator, what causes them, and what consequences do they produce at the downstream stations that the corrugator team rarely sees?”

Economic impact: Corrugator-side defects create distinct downstream costs. Washboarding, caused by excess starch and differential surface deformation, reduces print quality when amplitude exceeds 50 microns. Above 100 microns, local unbonded valleys can contribute to joint failures that first appear at the case erector. Warp, caused by moisture differences between liners, can create spring-back that opens the manufacturer’s joint. Warp stores elastic energy and can add peel stress at the manufacturer’s joint once the blank is forced flat and then released. Striping and flute-height variation across the web create inconsistent compressive strength and can lead to box rejections at retail. Crushing reduces stiffness and strength without always leaving a visible surface signature.

Ecological impact: Material reduction increases sensitivity to all four defects. Lighter facings have less moisture buffering, narrower flute-height tolerance, and lower starch-bond margins. They are therefore more vulnerable to warp, striping, washboarding, and crushing. The practical response is better dosing, careful drying, and less mechanical damage.

Operational efficiency: Crushing during corrugating, printing, transfer, or slitting reduces shear stiffness and creates crease-quality variation that the folder-gluer cannot correct. Pressure-measurement film at each nip point helps identify the source. In many cases, correction requires a 10 to 20 per cent reduction in nip pressure rather than new hardware. Once measured, many plants find the primary problem at the slitter or another transfer point, not necessarily at the dryer.

Quality: Each defect has a measurable parameter or diagnostic signature. Washboarding should remain below 50 microns. Above 100 microns, it becomes critical. Each defect has a measurable parameter or diagnostic signature. Washboarding is measured as surface amplitude. Warp appears as millimetre-scale board curvature. Striping appears as periodic ink-density variation. Crushing requires special attention because the board can appear acceptable while its load-bearing capacity has already been reduced. Flute-height variation across the web should stay within ±2 per cent of nominal. Crushing requires special attention because the board can appear acceptable while its load-bearing capacity has already been reduced.

Limitations: Corrugator defects cannot be corrected at the folder-gluer. Persistent washboarding above 100 microns, warp above 8 mm, or significant crushing requires upstream intervention. Downstream conditioning can mitigate some effects, but it cannot solve their causes. Responsibility for correction remains with the corrugator and upstream handling process.

Read in full: corrugator process engineers, plant managers, quality managers; folder-gluer operators dealing with persistent fishtailing or pop-opens that have no obvious downstream cause.

Card sufficient: readers whose responsibility starts well downstream of the corrugator and who need to understand what arrives at their station.

Prerequisite: Chapter 1.

Follow-up: Chapter 3, where defects converge at the manufacturer’s joint.




2.1 Four Defects, Three Orders of Magnitude

No corrugator in the world delivers a perfect board. What it delivers is a compromise between speed, adhesive quantity, temperature and moisture – and that compromise leaves its mark. Four of those marks shape everything that follows at the flexo folder-gluer: washboarding, warp, striping, and, less visibly, crushing.

Three of them differ in scale by a factor of a thousand, yet act together on the quality of the finished pack. Beck and Fischerauer (2022) have shown that they can be separated from one another with mathematical clarity[1].

Warp follows a smooth surface function that describes the large-scale curvature of the entire blank, with typical amplitudes of 2-3 mm. Washboarding is the periodic residual component that follows the flute structure: a modulation of the liner surface with an amplitude of 10 to 100 μm.

Striping, finally, is not a geometric defect in the strict sense, but an optical signature: a periodic variation in ink density in post-print.

Kirchhoff plate theory provides the framework for this separation: warp as the low-frequency bending of the board as a whole, washboarding as a high-frequency, flute-periodic fluctuation. The distinction is not academic. It is operationally decisive because the three defects originate at different points in the process chain, require different countermeasures, and, at the folder-gluer, combine into a superimposed, compounded problem.

The fourth defect—crushing—does not fit the geometric hierarchy. It has no characteristic scale because, by design, it is invisible. Crushing is a permanent loss of flute height and mechanical integrity, leaving no


2.2 Washboarding: The Periodic Surface Undulation






















2.3 Moisture as a Time Bomb





	Humidity condition
	Measured effect
	Material / test
	Source


	50–90 % RH
	Up to 22 % loss in compressive strength
	Corrugated board under compressive load
	Szewczyk & Głowacki 2014 [15]


	33 → 93 % RH swing
	ECT drops by 2 to 3 N/m
	Single-wall board
	Modzelewska 2006 [10]


	Variable RH
	0.4 to 1.2 % hygroexpansion in the liners
	Liner paper, B- /C-flute board
	Modzelewska 2006 [10]


	Variable RH
	Markedly higher expansion than in the liners (no single closed-form figure)
	Fluting medium
	Modzelewska 2006 [10]; Cornaggia et al. 2023 [3]






2.4 The Moisture Window: Why Storage Time Is a Process Step








	Moisture content
	Material behaviour
	Operational decision


	< 8 %
	Brittle; cracks during creasing
	Do not convert; return to conditioning


	10–12 %
	Optimum processability for printing and converting
	Target window for FFG infeed; convert now


	12–14 %
	Softening begins; strength starts to fall
	Monitor; shorten storage time before converting


	14–18 %
	Area-wide expansion; print register accuracy lost
	Postpone converting; dry first


	19–23 %
	Severe expansion on creasing, contraction on drying
	Reject; permanent deformation is unavoidable







2.5 Warp: Large-Scale Board Curvature











	Warp form
	Adhesive application
	Flute alignment
	Peel / opening risk


	Bow
	Gap varies along tab length
	Uneven pressure distribution (centre vs. ends)
	High: lever effect at tab ends


	Curl
	Limited effect on narrow tab
	Overall packaging geometry alters nip pressure distribution
	Moderate: acts through overall geometry


	Twist
	Combination of bow and curl
	Flute angle deviation produces moiré pattern
	Very high: asymmetric opening force








2.6 Striping: When the Flute Structure Shows Through














2.7 Crushing: The Hidden Driver of Dimensional Change










2.8 Superposition: Why One Plus One Does Not Equal Two





2.9 Measurement Methods: Making the Invisible Visible



	Method
	Principle
	Practical guidance
	Source


	Digital profilometry
	Optical surface topography with Fourier analysis, 10–100 μm resolution
	Lab method; use for root-cause analysis of washboarding complaints
	Wendler 2006 [19]


	Laser triangulation
	Inline real-time scanning of the board surface, < 50 μm
	Inline capable; install after corrugator for continuous warp and washboarding monitoring
	Beck & Fischerauer 2022 [1]


	Iodine staining (TAPPIT 610)
	Visualisation of starch distribution at flute tips
	Simple shop-floor test; verifies corrugator adhesive distribution
	Johnson & Popil 2015 [9]


	IR thermography
	Thermoelastic stress analysis of bonding zones
	Lab method; reveals stress concentrations invisible to visual inspection
	Johnson & Popil 2015 [9]


	MRI imaging
	Spatial moisture distribution in cross-section, < 1 mm
	Research tool; quantifies moisture penetration paths and validates FE models
	Tuomainen et al. 2023 [16]


	CNN classification
	AI-based detection of flute types and deformation, 99 % accuracy
	Inline capable; alerts operators to crushing damage before converting
	Rogalka et al. 2024 [14]


	FT-NIR spectroscopy
	Non-destructive classification of paper grades
	Incoming-goods inspection; verifies paper grade matches specification
	Pensold & Plew 2003 — see bibliography note






2.10 The Corrugator’s Legacy: What the Folder-Gluer Inherits







2.11 Chapter 2 at a Glance



	Defect
	Scale
	Primary cause
	Effect on MJ
	Key reference


	Washboarding
	10–100 μm
	Adhesive add- on at corrugator
	Differential porosity; uneven adhesive strike-in
	Wendler 2006 [19]; Netz 1998 [11]


	Warp
	2–3 mm
	Internal stress from drying/cooling
	Spring-back peel force on fresh glue line
	Beck & Fischerauer 2022 [1]


	Striping
	Optical
	Nip pressure variation + differential absorption at flute tips
	Signals potential crush damage and flute-tip densification
	Holmvall & Uesaka 2010 [7]


	Crushing
	Invisible
	Excessive nip pressure in printing / converting
	Reduced bending stiffness; altered creasing
	Garbowski et al. 2021 [4]






	Mode
	Description
	Assessment


	1
	Adhesive detaches completely from the substrate
	Most brittle mode; weak bond


	2
	Failure at the contact surface with the fluting medium
	Insufficient adhesive penetration


	3
	Flute tips tear away (decapping)
	Fluting medium is the weak point


	4
	Failure between adhesive and liner
	Moderate bond


	5
	Paper ruptures; bond stronger than substrate (fibre tear)
	Strongest bond









Die automatisierte Analyse des Werkes, um daraus Informationen insbesondere über Muster, Trends und Korrelationen gemäß § 44b UrhG („Text und Data Mining“) zu gewinnen, ist untersagt.
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