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Abstract

Mechanosorptive creep strain (MCS) is a strain component that can dominate the overall deformationbehavior of wood components under load and changing moisture. In this work, the MCS behavior ofNorway spruce (picea abies) tissues is investigated for different anatomical directions perpendicular tograin and loading degrees (LD). The MCS is evaluated through a strain decomposition of the total strain,which is determined using a computer-controlled digital image correlation (DIC) system. We show thatthe common assumption of a scalar relation between mechanosorptive creep compliance (MCC) andthe orthotropic, moisture-dependent elastic one (1) is refuted by experiments in different anatomicaldirections perpendicular to grain.

1 Introduction
The behavior of wood under both varying mechanical load and moisture content (mc or ω) is very rich.Unfortunately, this complexity is only weakly considered by constitutive models, primarily due to a sparseexperimental basis with differing interpretations. However, it would be important, when thinking aboutthe recent boost in timber engineering, where cross-laminated timber (CLT) and glue-laminated timber(GLT) products are used to build skyscrapers (2) or for self-shaping CLT that relies on moisture changes(3). The material symmetry of a growing tree results in an orthotropy with radial (R), tangential (T), andlongitudinal (L) anatomic directions (4; 5). Typically, one distinguishes different deformation componentslike elastic, plastic, hygro-expansional, viscoelastic creep (VCS), and mechanosorptive creep strain (MCS)that add up to the total strain (1; 6; 7; 8). Note that combinations of VCS and MCS (9) or viscoplastic andplastic strain (10) were also proposed; however, these are ultimately different interpretations of the sameexperimental basis. In this work, we focus on the MCS that is often neglected in timber engineering, eventhough bending experiments have shown that the deflection due to MCS can be up to 20 times largerthan that under constant climate (11). MCS is the creep strain that evolves due to moisture changes underload, which explains why an isolated determination is not possible. MCS is virtually time-independent andinfluenced by themagnitude of moisture change below fiber saturation and themoisture level, rather thanby the moisture flux. Its origin within the hierarchical material is still not fully resolved, but observed onall scales, resulting in inter- and intra-scale interactions. The cellular tissue scale bridges tracheids and themacroscopic behavior, and thus deserves special attention that has not been given to MCS on the tissuescale in different anatomical directions in the past.
Mechanosorptive creep in wood was first described in the late 1950s and early 1960s by (12; 13). From theonset, researchers speculated on its relationship to the existence and change in hydrogen bond densityassociated with moisture changes. Reviews on MCS were published by (14; 15; 11; 16; 17). The latest reviewincludes atomistic and micro-mechanical perspectives (18). In the past, several inconsistent theories havebeen proposed for the origin of MCS. (19) interpreted deformations in MCS tests on the molecular levelwith molecular kinetics theory and with a lenticular trellis model that can qualitatively explain observedprocesses. (20) proposed that the MCS is generated by slips between polymer chains that are cross-linkedby hydrogen bonds. In this spirit, (16) proposed a slip-plane theory for localized slip planes forming in theS2 layer. However, MCS is already observed at stress levels below the threshold for slip-plane formation
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and also under tension, where no slip-planes have been observed so far. In addition, it does not explain thedifference between moisture-dependent VCS andMCS. (21) explained MCS on the cell wall ultra-structure,where, due to differential shrinkage of layers, relative slip between (ML+P+S1) and (S2+S3) layers could betriggered. Unfortunately, their validation is questionable due to possible preparation artefacts. (22) relatesMCS to shear stress components along the cellulose-matrix interface and points to similarities between themechanism generating the MCS and the ones responsible for the large plastic strains in wet compressionwood loaded in tension, namely, breaking and reforming of hydrogen bonds between parallel polymerchains. (23) took up several of these ideas and proposed a fiber bundle model with moisture and history-dependent slip-stick behavior where elastic, swelling, plastic, VCS, andMCS emerge naturally from a singleslip-stick mechanism.
Several interesting observations surround MCS, including larger creep rates for desorption than for ab-sorption, the emergence of extremely large shear strains beyond typical failure limits, and the progressivereduction of MCS increments with increasing cycle number. (24) discovered an influence of the MCS onthe VCS rate and reported on a limit for MCS (25; 26; 27; 28). However, the existence of an MCS limit hasnot been confirmed so far (29). At constant moisture, strains are frozen, but can be partially recoveredafter unloading through moisture cycles, with greater recovery during absorption. This phenomenon isalso referred to as the moisture-induced shape memory effect, characterized by both recoverable and ir-recoverable strains. In the FBM approach (23), this behavior emerges when slip-back events have lowerthresholds than advancing slips.
Most MCS studies are made under bending to put the material in the L-direction simultaneously undertension and compression (30; 31; 32; 17; 33; 34). Inhomogeneous, evolving stress fields, strong moisturegradients due to transport, and deviating creep behavior under compression and tension complicate theinterpretation of such experiments to an extreme extent, resulting inmultiple misinterpretations ofMCS inthe past. However, some studies on purely tensile or compressive macroscopic samples, also in transversedirections, were made (35; 36; 37; 38; 39; 40), highlighting the importance of direct measurements indifferent anatomic directions. Unfortunately, many of these works are on different species, do not reporton decomposed strains, or do not comprise a sufficient number of moisture cycles.
This study investigates the mechanosorptive creep behavior of Norway spruce on tissue samples to mini-mize the effect of moisture-gradient-induced creep due to residual stresses. It is focused on the two trans-verse anatomical directions (radial and tangential), whereMCS is most pronounced, across various loadingdegrees (LD). A fully automated test rack with a computer-controlled digital image correlation (DIC) systemand five parallel axes, located in a glove box with moisture control, ensures identical hygric andmechanicalloading conditions across different realizations (41).
The mechanosorptive creep strain is extracted from the total strain via strain decomposition, employinga novel incremental scheme that not only mitigates the effects of inaccurate mapping of moisture con-tent as a function of relative humidity ω(RH), since samples may not reach equilibrium under variablehumidity, but also reduces uncertainty related to the elastic and hygroexpansion parameters. Then themechanosorptive creep compliance (MCC) is modeled by a series of three Kelvin-Voigt (KV) type elementsin response to moisture changes, rather than in the time domain (6). We show that the typical assumptionof a scalar relation between MCC and the orthotropic, moisture-dependent elastic compliance tensor (1)is refuted by our experiments.

2 Materials and methods
Mechanosorptive creep inwood is among themost challenging phenomena to characterize experimentally.Its complexity arises from the intricate coupling between hygric and mechanical deformations, requiringhighly controlled and sensitive measurement setups and advanced evaluation procedures for strain de-composition. First, we describe the preparation of samples for tensile creep testing (Sec. 2.1), along withthe experimental setup. Since only relative humidity can be controlled in the climate chamber, the quan-tification highly depends on the accompanying results of the dynamic vapor sorption (DVS) measurementsdescribed in Sec. 2.2. This is fundamental, as moisture content is the control parameter for the evaluationprocedure, namely the strain decomposition procedure for isolating the mechanosorptive strain from thetotal measured strain. Sec. 2.3 first describes the validation of the procedure on calculated clean data, andthen its application to the real data of transverse strains.
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2.1 Material selection and experimental setup
All samples were obtained from the same Norway spruce log used in our previous studies (42; 41). Afterconditioning from the green state to 65%RH/20 °C, small blocks ((20×15×50)mm3) were cut for slicingtissues in different anatomical orientations. The sample preparation followed the procedure described in(41) to obtain samples in transverse directions, namely {RL,RT,TR} (see Fig. 1), where the first letter definesthe loading direction, and the second indicates the transverse width.
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Figure 1: Spruce tissues for all combinations of directions {LR,RL,RT,TR,LT,TL} (a), and exemplary RL samplesprepared with glued-on load application pieces from plywood, and speckled for DIC measurements via anairbrush (b).
The automated 5-axis creep-rack, mounted inside a climatized glove box (see Fig. 2a) was previously de-scribed in detail in (41) and also the sample geometry remains similar: 50mm in length and 10mm in widthwith thicknesses of about 0.35mm to 0.40mm. A double-slice configuration, gluing the ends, was appliedto all samples to increase the thickness. Samples were glued with a fixture to trapezoidal loading pieces of
2mm-thick plywood at their ends to ensure a smooth load introduction and sample alignment (see sam-ple holder in Fig. 2b) and finally speckled with fine black and white acrylic paint to obtain the characteristicpattern for strain measurement via DIC.
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Figure 2: Custom-designed test rack for tensile creep testing on thin tissue samples, equipped with fivesample holders (inset) to allow simultaneous testing of multiple samples. The humidity sensors (S1, S2),along with the inlet and outlet of the ventilation system, are marked in red to highlight their positions.
An overview of the samples that entered this study is provided in Tab. 1. Note that at least n = 4 for eachcase were valid, while experiments exhibiting early failure, evident pre-damage from sample preparation
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or clamping, or unreliable DIC measurements were omitted.
Table 1: Sample sizes for the respective tissue types, grouped by loading degree (LD).

LD [%]

loading direction transverse direction 30 40 50

R L 5 4
R T 4 5
T R 4

The sampleswere tested under changing humidity in a cyclic pattern between 30% and 90% RH at a period
∆T of about 2 h (see Sec. 2.2). Furthermore, two loading levels (LDs) corresponding to approximately 30and 50%of the tensile strengthσf

iimeasured at 90%RH (42)were applied to {RL,RT}. For TR, however, onlythe 40% LD yielded valid results. Higher loads caused the samples to fail right after the first moisture cycle,likely due to excessive stress concentrations near the clamps from hygroexpansion. Lower LDs, e.g. 30%,could not be tested reliably under these varying conditions as they approach theminimum load capacity ofthe testing rack. Once samples were loaded at 30% RH, humidity was cycled between 30% and 90% RH,ramping up/down at±10% RH steps every 4minwith 38min hold periods at each extreme. This sequencewas repeated 8-9 times under load, after which the load was released for 2 relaxation cycles.

Figure 3: Time evolution of relative humidity (RH) inside the glove box measured by the two BME680sensors (blue and green), the ALMEMOsensor (violet), and theUSB data logger (orange). The blackmarkersindicate the signals sent to the control system to set the target RH.
The relative humidity inside the glove box is controlled by a Python script on a Raspberry Pi 3B+ that obtainsvalues from two moisture sensors (Bosch BME680, ±3% RH accuracy) located at opposite sides of thechamber, i.e. near the inlet and in the farthest corner from the in- and outlet (see Fig. 2a). Using their meanreading, the control system regulates humidity at a tolerance of±2% by opening a valve to introduce dryair (at 10% RH) when RH exceeds the target or activating amoist air stream if RH falls below it. A ventilationsystem ensures uniform climatic conditions. The humidity control systemwas tested to verify its long-termstability and dynamic response for the mechanosorptive moisture-cycling protocol. The tests replicatedthe same moisture cycle of the mechanosorptive experiments, preceded by some hours at a constant RH.The measurements were verified using a moisture sensor (ALMEMO Ahlborn FH A646-E1) logged via thedata logger ALMEMO 710, located near the top-right corner, and a USB sensor (USB data logger EL-USB-2)placed at the bottom of the glove box. Fig. 3 presents an example of RH data recorded for a 2 h hold at
30% RH followed by 8 full cycles. Themeasurements from all sensors agreewithin a negligible discrepancy,demonstrating both the control system’s rapid response to humidity changes and the ventilation system’sability to maintain rather uniform conditions in the box.

4



2.2 Sorptivity of spruce tissues
The evaluation of mechanosorptive tests requires the accurate mapping of moisture content ω with RH(or time), since under varying humidity conditions, the samples may not be fully equilibrated to each hu-midity step. For this purpose, tailored DVS measurements were conducted that followed the predefinedRH profile of the test, using an automated sorption balance (DVS Advantage ET85, Surface MeasurementSystems Ltd.). The results (staircase shaped datasets) are overlaid in Fig. 4a for direct comparison. Af-ter equilibrating at 30% RH, moisture uptake closely follows the equilibrium curve in the initial sorptionphase, indicating that the sample remains near equilibrium. However, as RH rises, the actual moisturecontent progressively deviates from the sorption curve, only reconverging by the end of the 90% RH holdphase. During desorption, water removal proceeds more slowly due to the moisture-dependent diffusioncoefficient (43). As a result, it fails to return to its equilibrium state by the end of the 30% RH hold. In thesubsequent sorption phase, moisture uptake follows a similar staircase pattern, reconverging to the samepoint by the end of the 90% RH hold, repeating thereafter. Thus, the first sorption phase differs, while thedesorption curves remain consistent. For comparison, the equilibrium sorption isotherm between 30%and 90% was measured, following the procedure outlined in (44) (grey dashed line in Fig. 4a).

Figure 4: DVS test results on a RL tissue sample. (a) Moisture content ω as a function of relative humidity(RH): equilibrium DVS (grey dashed line) and non-equilibrium DVS (cross markers: magenta = first sorption
ω(k, P1),with 0 ≤ k < 1/2, orange = second sorption ω(k, P2), light blue = desorption), with cubic splinefits for sorption (black solid line) and desorption (black dashed line). (b) Example of a periodic cubic-splinefit representing ω as a continuous function of time and RH history (grey solid line).
Since the actual evolution ofmcduring experimental humidity cycling diverges from the equilibrium isotherms,the non-equilibrium measurements are taken as reference for its mapping, but with the initial half-cyclebeing different from all subsequent ones. Moreover, because fitting ω as a function of time (periodic cubicspline) is more straightforward than fitting it against RH (staircase-shaped curve), the time-based spline isadopted for post-processing so all the strain components (see Sec. 2.3) are expressed as a function of time
t andω. Fig. 4b illustrates an example of this periodic time-based spline fit ofω. Since thesemeasurementsare representative for spruce, they were then applied to all sample types.
2.3 Incremental decomposition scheme for mechanosorptive strain calculation
The evaluation of the experimental data is based on two time series, one for each speckled surface withlens distortion correction applied. Surface strain fields are computed at each time t by DIC of the referenceand current images using the Ncorr MATLAB package (45) (estimated strain accuracy of about±3 ·10−5). Ascalar strain value in the loading direction is calculated by averaging the strain field. The two surface scalarsare further averaged to yield a single scalar tensile strain εtot(t), as in our previous work (41). Finally, εtot(t)is synchronized with moisture ω(t) and the corresponding stress σ, calculated from the initial cross sectionand the applied load.
The total strain εtot has to be decomposed into its hygroexpansion εω , elastic εel, viscoelastic εve, and
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mechanosorptive εms component, which are all strongly moisture-dependent, namely:
εtot = εω + εel + εve + εms. (1)

Assuming that hygroexpansion, elasticity, and viscoelasticity are already well captured by existing consti-tutive models, mechanosorption remains the component to be identified. By rearranging Eq. 1, one canobtain εms = εtot − εω − εel − εve, but, in practice, εω , εel, and εve all depend on the moisture content.Therefore, any error in ω propagates into εms. To reduce it, ω was accurately mapped using the experi-mental humidity profile (see Sec. 2.2), and a novel incremental decomposition procedure for calculatingMCS is proposed and validated.
Building on the precise moisturemapping, the incremental scheme is founded on the observation that cor-responding points in each humidity cycle occur under identical humidity conditions and, therefore, sharethe samemoisture content, so theywill have the same hygro-elastic strain. By summing the strain increasesbetween corresponding points in consecutive humidity cycles, one can extract the VCS and MCS. To splitoff the VCS, its evolution must be calculated under varying moisture and load conditions. Note that plasticstrain components are not considered separately and, if any, are comprised in the MCS.
To validate our procedure, we apply the measured moisture history ω(t) and a stress history σ(t) to com-pute all strain components as functions of ω(t) (material parameters taken from RL samples) and superim-pose them to obtain a total calculated strain ε∗tot (Eq. 1). In accordance with the analytical model of (6),the individual strain components are computed for any direction. They are summarized in scalar form, asonly uniaxial situations are regarded:
εω : The hygroexpansion strain is proportional to increments of moisture, as in

εω(ω) = α[ω(t)− ω0], (2)
where ω0 is the initial reference moisture content and α is the hygro-expansion coefficient. α is as-sumed to remain constant and independent of variations inmoisture. The valuesαR=0.182;αT =0.343in [%/%] are obtained from macroscale measurements of the same tree as in this study.

εel : The elastic strain is calculated from Hooke’s law as
εel(ω) = C−1

0 (ω(t)) · σ(t), (3)
where themoisture-dependent elastic complianceC−1

0 (ω(t)) is determined by a quadratic fit of thetensile elastic measurements (42), and then evaluated at ω(t).
εve : The VCS is expressed by a series of N = 4 KV-elements, following previous studies (41; 46), in thetime domain:

εve(t) =

N∑
i=1

εvei (t) = σ

N∑
i=1

C−1
i (1− e−t/τi), (4)

where εvei , C−1
i , and τi are, respectively, the strain, compliance, and characteristic time of the ith-element. While the characteristic times were fixed a priori to τi = [0.1, 1, 10, 100] in h, each mois-ture-dependent C−1

i is obtained by a quadratic fit of the available data in (41), as for elastic compli-ances, and then evaluated at ω(t). Since both stress and compliance vary with time, each elementis governed by the rate equation
ε̇vei +

1

τi
εvei =

1

τi
C−1

i σ(t), (5)
that gives for each finite time increment∆t = tn+1 − tn

εvei,n+1 = εvei,n +
C−1

i σ(t)− εvei,n
τi

∆t. (6)
εms : The MCS is formulated analogously to the VCS above, but in the moisture domain (1; 47; 6). It ismodeled as a series ofM = 3 KV-elements with fixed characteristic moistures µj = [1, 10, 100] in[%] (consistent with (6)) and compliance tensors C−1

j :
εms(ω) =

M∑
j=1

εms
j (ω) = σ(t)

M∑
j=1

C−1
j (1− eω/µj ), (7)
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where C−1
j = [1, 6, 8] inGPa−1 are arbitrarily chosen for the one-dimensional verification calcula-

tions. Note that for the experimental data, theC−1
j are obtainedby least-squares fits of the extracted

εms. Because both stress and compliance vary with moisture, each element is governed by the rateequation
ε̇ms
j +

|ω̇|
µj

εms
j =

|ω̇|
µj

C−1
j σ(t), (8)

that gives for each finite moisture increment |∆ω| = |ωn+1 − ωn| corresponding to∆t = tn+1− tn

εms
j,n+1 = εms

j,n +
|∆ω|
∆t

C−1
j σ(t)− εms

j,n

µj
∆t. (9)

Each strain component is computed overNP = 20moisture cycles, 12 of which are conducted under loadand 8 without load to allow for relaxation, as shown in Fig. 5. This data is now used for validating the straindecomposition procedure.

Figure 5: Example of evolution of calculated hygroexpansion εω , elastic εel, viscoelastic εve, mechanosorp-tive εms, and the resulting total strain ε∗tot overNP = 20moisture cycles (12 under tensile load followedby 8 load-free) for validation purposes.
Starting from the total strain, either from the DICmeasurements εtot(t) or the calculated strain ε∗tot(t) forvalidation purposes, the decomposition procedure outlined in Fig. 6 is applied to extract the MCS εms

inc. Aseach cycle Pi, except the first half-cycle P1 with k ∈ [0, 1/2), undergoes an identical moisture evolution(see Fig. 4a) at the same relative cycle time k, the sample is at the same moisture state for each value of
k ∈ [0, 1] what corresponds the period ∆T . Therefore, respective strain differences at identical relativetimes k eliminate the hygro-elastic strain components εω+el(k). What cannot be eliminated is the history-dependent VCS εve that evolves during the hygro-mechanical loading. One has to calculate its evolutionusing Eqs. 4-6 with the moisture-dependent constitutive parameters obtained beforehand (41). Using thecalculated VCS evolution, one can define a reduced strain εred(t) = εtot − εve for simplicity. εred(t) is stillcomposed of the hygro-elastic strain εω+el, which can be eliminated by the cyclic differences, the MCS,and possible plastic strains that remain a part of the MCS.
The MCS incremental decomposition procedure only works from cycle P2 onwards, determining the cy-cle increments, while the MCS of cycle P1 needs to be determined separately. The procedure is basedon building templates Θ from the reduced strain εred(t) that describe the repeating hygro-elastic strain
εω+el(k) = εω(k) + εel(k) per cycle. Hence, two templates are needed, one for cycle P1 that is calledΘI

and one for all the other cycles called templateΘII :
ΘII : To obtain a smooth template for the hygro-elastic strain εω+el(t), one can average over all cycles

Pi with i ≥ 2 at identical stress σ. However, the cycles are more alike at later stages, as the cyclicmechanosorptive strain increase decelerates, giving a cleaner εω+el(k). Therefore, only the last fewcycles under load enter the calculation. First one collapses the cycles by plotting themas a function of
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Figure 6: Workflow of the incremental scheme for mechanosorptive creep strain (MCS) calculation. Colorscorrespond to line segments and cycles in Figs. 4,7, and 8. Note that the calculated values, marked by astar, are not separately shown.
the relative cycle time k and shifting them so peak values of εred(k) overlay. As they are quite similarand to reduce noise, an averaged εred(k) is calculated as shown in Fig. 7a (Step 1.1 in Fig. 6). This way,there is still a relative increase in MCS for the averaged εred,II(k) (since εω+el(k = 0) = εω+el(k =
1)) that corresponds to the averaged MCS increment∆εred,II = εred,II(k = 1) − εred,II(k = 0).To eleminate MCS from εred,II(k) a linear increase over the cycle up to ∆εred,II is assumed andsubtracted from εred,II(k), as shown in Fig. 7b (Step 1.2 in Fig. 6). The final templateΘII is now onlythe mean hygroelastic strain εω+el(k) and can be applied for the decomposition of all cycles Pi with
i ≥ 2. Note that a new template is required for load changes, since the elastic strain εel differs.

ΘI : Unfortunately, ΘII(k) cannot be directly applied to cycle P1, since ω(k) differs for cycle P1 due tothe initial sorption phase that starts at the equilibrium moisture content. We correct it by scalingthe averaged strain εred,II(0 ≥ k ≥ 1/2), previously determined from the calculations of template
ΘII (Step 1.1) by the moisture ratio ω(0 ≥ k ≥ 1/2, P1)/ω(0 ≥ k ≥ 1/2, P2) between the sorptionphases of cycle P1 and P2, respectively, as shown in Fig. 7b (Step 2.1 in Fig. 6). Note that this super-position approach assumes linear correlations for εω, εel with moisture ω within this 2% moisturedeviation. In the next step, the MCS increment of the first cycle ∆εred,I needs to be subtracted,which only makes sense for identical moisture states. Therefore, one cannot take the value at k = 0,but must take the one that corresponds to the first sorption phase, where the moisture is ω(k = 1),as reference (k ≈ 0.1). Once∆εred,I is determined, its linear increase over the entire cycle is sub-tracted from εred,I , as shown in Fig. 7b (see Step 2.2 in Fig. 6) to obtain the strain template ΘI(k)for cycle P1. Note that possible non-linear behavior will result in small deviations during the cycle.However, values at every end of the cycle should be correct, except for a negligible discrepancy dueto the linear nature of the correction procedure for the templates.

With the two templatesΘI ,ΘII , one can now calculate the mechanosorptive strain for each cycle (Step 3and 4 in Fig. 6) following
εms
inc(k, Pi) =

{
εred(k, P1)−ΘI(k)if i = 1

εred(k, Pi)− [ΘII(k) + εred(k = 1, Pi−1)] + εms(k = 1, Pi−1)if i ≥ 2
. (10)

The overall MCS εms(t) is simply the consecutive sequence of all εms
inc(k, Pi) for cycles i = 1 . . . NP withthe period ∆T that can be written with the indicator function 1[a,b)(t) that is defined as 1[a,b)(t) = 1 if

a ≤ t < b, and 1[a,b)(t) = 0 otherwise:
εms
inc(t) =

N∑
i=1

εms(
t− (i− 1)∆T

∆T
, Pi) · 1[(i−1)∆T, i∆T )(t). (11)
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Figure 7: Incremental decomposition scheme for the calculation ofmechanosorptive strain duringmoisturecycles Pi with Steps explained in Fig. 6. (a) Calculation of strain templates ΘII(k) and (b) ΘI(k). (c)Decomposition of cycle P1 in relative cycle time k.
Note that for additional cycles at a different load, a new template, e.g. ΘIII , needs to be determined andthose cycles need to be appended. This was made for the recovery part with no load, but not explicitlyshown for compactness, as the procedure is identical.
Now that the decomposition procedure is complete, it is applied to the calculated total strain for validationpurposes. The resulting MCS εms(t) from the strain decomposition is confronted in Fig. 8 with the calcu-lated MCS ε∗ms(t), which was part of ε∗tot(t). The curves align remarkably well, confirming the validityof the incremental decomposition scheme. This approach also remains valid during unloading and, moregenerally, for any change in load throughout the experiment, provided that a new template is generated.When determining the parameters of the mechanosorptive KV-model (see Eq. 7) one obtains from the fit-ting the optimized parametersC−1

j = [0.8, 6.1, 7.9] GPa−1, which are in close agreement with those used
to calculate εms(t) (C−1

j = [1, 6, 8] GPa−1).

Figure 8: Comparison of calculated mechanosorptive strain ε∗ms(t) with the extracted one εms(t) and itsKelvin–Voigt model fit for moisture cycles under load and recovery, as well as strain templatesΘI -ΘIII .
The validated decomposition procedure can now be applied to noisy experimental εtot(t) data from DIC,synchronized with the corresponding σ(t) and ω(t) recordings. Finally, εms(t) is modeled using Eq. 7,consistently employing the characteristic moistures µj = [1, 10, 100] %, while the unknown parameters
C−1

j are determined via least-squares fitting analogous to the verification example. Finally, average MCSare computed across all samples for each investigated situation from the individual KV-series, and a meanKV-series εms(t) is obtained by fitting the average curve. The MCS are converted into compliance Mc(t)by dividing the strain by the applied stress and compared with the elastic compliances.
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3 Results and Discussion
With this experimental setup, we can investigate how moisture changes under mechanical load influencethe creep behavior of different spruce tissues in the transverse directions {RL, RT, TR}, where the MCS ismost pronounced, and explore the dependence on the loading degree LD. Fig. 9 provides an overviewof all results. First, the isolated mechanosorptive strains εms(t) through successive moisture cycles areshown for all samples of each investigated situation (Fig. 9a). These curves were obtained by applyingthe incremental decomposition procedure from Sec. 2.3 to the total strains εtot(t) measured by DIC foreach sample. Note that one RT sample under 30% LD and all unloading phases yielded unreliable data andwere therefore excluded from the final evaluation. Although the incremental procedure is valid for anyload change, two unloading cycles proved insufficient to resolve MCS increments during unloading with anacceptable accuracy.

Figure 9: Evolution of mechanosorptive strain and compliance under cyclic humidity and different loadingdegrees LD (30 and 50% for {RL,RT}, 40% for TR). (a) Mechanosorptive strains εms from incremental cal-culation scheme. (b) Fitted strains εms
fit from Kelvin-Voigt model. (c) Mechanosorptive compliancesMc inGPa−1. (d) Normalized compliancesMc/C

−1
0 using C−1

0 from (42) at 0.08moisture content.
The MCS were fitted to the three-element KV-model described in Sec. 2.3. Fig. 9b shows the strains com-puted via Eq. 7 using the fitted compliancesC−1

j , alongside themean fitted response for each combination
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of tissue type and LD. Note that one can calculate the average MCS response for the moisture history ofthis study at arbitrary times using the KV-element compliances from Table 2 and Eq. 7. This fitting proce-dure filters noise in the raw data and gives the possibility to extend the dataset to the relaxation phase,where load is removed and MCS decreases. It is evident that in the R-direction, higher applied loads resultin increased creep deformation. At first glance, the MCS of RL and RT appear similar for each LD, but RLsamples are actually subjected to lower absolute load due to their lower strength compared to RT (42).When considering the tangential orientation, TR exhibits higher strain at 40% LD than the radial tissues at
50% LD.
Table 2: Element compliances C−1

j in GPa−1 of Kelvin-Voigt series fits of the average creep response forvarying loading degrees LD (30 and 50% for {RL,RT}, 40% for TR) under moisture cycling between 30%and 90% RH. For each case, the mean coefficient of determination R2 represents the average of the R2

values from the fits to the individual experiments.
loading direction transverse direction LD [%] C−1

j [GPa−1] MeanR2

R L 30% [1.3·1× 10−3, 3.7·1× 10−1, 3.1] 0.7
R L 50% [2.6·1× 10−3, 2.4, 3.9] 0.9
R T 30% [2.2·1× 10−2, 2.4·1× 10−3, 2.5] 0.6
R T 50% [1.2·1× 10−4, 1.6, 3.8] 0.9
T R 40% [1.4·1× 10−1, 2.2, 20.2] 0.9

The difference between anatomical directions is evenmore expressed for themechanosorptive compliance(MCC) curvesMc(t) (see Fig. 9c), which were calculated from the ratio of the fitted strains and the appliedstress during the loading phase. Mc in the R-direction remains multiple times lower than the one in thetangential direction, mirroring trends reported for both elastic and viscoelastic deformations (42; 41) ascreep under constant or changing moisture involves micro-structural adjustments of the cellular structuresimilar to elastic deformation. In the transverse direction, deformation is mainly governed by cell wallbending inducing stress localization, while radial loading also induces stretching through undulating loadpaths, enhancing performance and making the R-direction stiffer than T (48). Moreover, microstructuralfeatures such as rays strongly affect compliance in thin spruce samples: under radial loading they stretchand contract, under tangential loading they open acting likemicrostructural voids. Interestingly, RL exhibitsgreater compliance than RT, despite sharing the same loading axis, because slicing exposes cut-open cellsand rays across the surface of RL, unlike in RT where they appear only at the nattow edges (41). The MCCcurves for different load levels become closer but do not fully collapse, as in the case of viscoelastic creepcompliances (41), indicating that the mechanosorptive response does not follow a simple linear scalingregime.
Finally, to show how MCC scales with the elastic compliances C−1

0 reported in our previous work (42),Fig. 9d gives the ratioMc(t)/C
−1
0 , whereMc(t) is the average of the fitted MCC and a constant value of

C−1
0 (ω = 0.08). The rise of the normalized MCC underscores that moisture history affects mechanosorp-tive but not elastic compliance. Moreover, the relevance of the moisture history depends on the orien-tation, with the T-direction exhibiting a surprisingly large amplification up to a factor of 9 in our loadingsequence. Clearly, additionalmoisture cycles under loadwould result in even higher values. In our data, wecannot therefore observe any limit forMCS as reported by (25; 26; 27). This could be due to a high LD or theuniaxial stress case that we could realize. Note that normalization by compliance values at other moisturestates or even following the moisture evolution only changes the picture in a negligible way.

Although theMCS continuously increases over successivemoisture cycles, its rate exhibits a distinct behav-ior, characterized by a sharp rise during the first sorption, followed by a continued but gradually decreasingpeak rate. Fig. 10 illustrates the evolution of the mean fittedMCS rate∆εms
fit/∆t. In each direction, the ini-tial steep rise is evident up to a peak, after which the rate decelerates as themc approaches its maximum.This again highlights the dependence of MCS on moisture change. Whenmc reverses and decreases, therate rises sharply again before slowing near the minimummc at the end of the lower holding phase. Themarkedly high MSC rate peak highlights the stronger impact of the initial phase of the first moisture cycle.By contrast, subsequent cycles showmuch smaller and progressively diminishing peaks, with no significantdifference between sorption and desorption. Interestingly, the T-direction exhibits a less pronounced de-crease in rate and maintains a higher rate in the later cycles compared to the R-direction, despite being ata different LD. Moreover, a clear LD-related pattern emerges: the lower the LD, the lower the rate but alsothe less steep the decline of the peaks. Note that the MCS increment corresponds to the area underneath
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the rate curves.

Figure 10: Evolution of mean fitted mechanosorptive strain rate ∆εms
fit/∆t under cyclic humidity and dif-ferent loading degrees LD (30 and 50% for {RL,RT}, 40% for TR).

To relate MCS to the other strain components, one can plot the absolute values of strain for the differentdirections and their decomposition into the different strain contributions. In Fig. 11, the calculated totalstrain ε∗tot is obtained as the sum of the mean fitted MCS εms
fit (at 50% LD for RL, RT and 40% LD for

TR) and the other calculated strain components (ε∗ω , ε∗el, and ε∗ve) according to Eqs. 2–4. It is strikingto observe that MCS slightly exceeds the VCS and the elastic one by far. This points to the importance ofconsidering MCS in the transverse directions in a dedicated way in constitutive models of wood for timberengineering.

Figure 11: Calculated total strain ε∗tot as the sum of calculated hygroexpansion ε∗ω , elastic ε∗el, and vis-coelastic ε∗ve strains, and the mean fitted mechanosorptive strain εms
fit , for RL, RT at 50% loading degreeand TR at 40%.

4 Conclusion
This study sheds light on the complex phenomena of creep under changing climatic conditions in spruce. Itwas possible to obtain continuous strain data for a large number of samples and relatively long testing peri-ods due to the full automation of a climatized test rack. Additionally, multiple loading axes assure identicalmoisture histories of the samples. The isolation of MCS in wood is non-trivial, as the measured total strainis composed of hygroexpansion, elastic, viscoelastic, andmechanosorptive strain components. The decom-position requires a good knowledge of the viscoelastic behavior of the samples, as it can only be separatedby calculating its evolution, as well as the evolution of moisture. By analytically generating clean data froma rheological model (6), we developed and validated a novel incremental strain decomposition schemethat reduces the effects of non-equilibrium moisture mapping under variable RH and reduces uncertaintyin the hygro-elastic behavior. Accompanying DVS tests using the identical cycling RH profile ensured precisemoisture mapping. Nevertheless, the role of plastic strain increments remains uncertain.
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Our experiments reveal striking directional dependencies in mechanosorptive creep, most notably a dom-inant compliance in the T-direction that cannot be explained by elastic analogies alone or compliancechanges under respective moisture states. In principle, MCC increases only with humidity changes andis time-independent, but since the samples are never fully equilibrated (see Fig. 4), one cannot expectplateaus. This points to possible size effects that require further investigation. Our data shows that MCSrates under sorption surpass the ones under desorption only for the first cycle in loading and relaxation.Consecutive cycles do exhibit identical rates without any dominance. Moreover, at the cell-wall level, in-ternal stresses may alter sorptive behavior (49), with volumetric stress locally shifting moisture content:higher in tension and lower in compression. This disrupts the assumption of constantmoisture fields withinthe cell wall and causes tracheid corners acting as hinges to soften and amplify directional effects. These ef-fects are further superimposed with residual stresses from delayedmoisture equilibration, which can drivecreep strains. This clearly disproves the common assumption of a simple scalar relationship between elas-tic and mechanosorptive compliance tensors and highlights a lack of understanding of creep deformationmechanisms on the cellular scale.
While this work only explored the transverse directions, future work should be extended to the longitudi-nal direction, as strain variations in the L-direction were beyond the accuracy of our experimental setup.Isolated tissues, namely early, transition, and late wood tissues perpendicular to grain, would also be veryinteresting; however, the load rangeswere below the experimental design. Such investigations could clarifythe contribution of each isolated tissue to the cumulative behavior of a growth ring and further advance theunderstanding of mechanosorptive creep behavior across all anatomical directions and tissue types. Withresults from accompanying plasticity experiments on the tissue scale, one could further decompose thetotal strain by subtracting the calculated plastic evolutions from MCS. Finally, an advanced cellular modelthat incorporates stress-sorption couplings could shed light on the directional dependencies.

Data availability
The datasets can be obtained fromDOI: 10.17632/rsrsw8h7mv.1, and the analysis tool from DOI: doi.org/10.5281/zenodo.17160378.
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