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a b s t r a c t 

The stress relaxation of the TZ region, located at the interface of the Annulus Fibrosus (AF) and Nucleus 

Pulposus (NP) of the disc, and how its stress is relaxed compared to the adjacent regions is unknown. 

The current study aimed to identify the TZ stress relaxation properties under different strain magnitudes 

(0.2, 0.4, and 0.6 mm/mm) and compared the TZ stress relaxation characteristics to the NP and inner 

AF (IAF) regions at a specific strain magnitude (0.6 mm/mm). The results of the current study revealed 

that the TZ region exhibited different stress relaxation properties under various strain magnitudes with 

significantly higher initial ( p < 0.008) and reduced stresses (marginally; p = 0.06) at higher strains. Our 

experimental stress relaxation data revealed a significantly higher equilibrium stress for the IAF compared 

to the TZ and NP regions ( p < 0.001) but not between the TZ and NP regions ( p = 0.7). We found that 

NP radial stress relaxed significantly faster ( p < 0.04) than the TZ and NP. Additionally, the current study 

proposed a simple mathematical model and identified that, consistent with experimental data, the overall 

effect of region on both the level of decayed stress and the rate at which stress is relaxed was significant 

( p < 0.006). The current study found a similar stress relaxation characteristic between the NP and TZ 

regions, while IAF exhibited different stress relaxation properties. It is possible that this mismatch in 

stress relaxation acts as a shape transformation mechanism triggered by viscoelastic behavior. 

Statement of significance 

Our understanding of the biomechanical properties of the transition zone (TZ) in the IVD, a region at the 

interface of the Nucleus Pulposus (NP) and Annulus Fibrosus (AF), is sparse. Unfortunately, there are no 

current studies that investigate the TZ stress relaxation properties and how stress is relaxed in the TZ 

compared to the adjacent regions. For the first time, the current study characterized the stress relaxation 

properties of the TZ and described how the TZ stress is relaxed compared to its adjacent regions. 

© 2024 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The intervertebral disc (IVD), a complex and dynamic structure 

hat is located between adjacent vertebrae in the spine, is com- 
∗ Corresponding author. 
∗∗ Corresponding authors at: School of Biomedical Engineering, Faculty of Engi- 

eering and Information Technology, University of Technology Sydney, NSW 2007, 

ustralia. 

E-mail addresses: miritsh@ariel.ac.il (M. Sharabi), joanne.tipper@rmit.edu.au 

(J.L. Tipper), javad.tavakoli@rmit.edu.au (J. Tavakoli) . 
1 Equal first authorship contribution. 

s

o

t

t

m

s

b

c

ttps://doi.org/10.1016/j.actbio.2024.09.032 

742-7061/© 2024 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia In

 http://creativecommons.org/licenses/by/4.0/ ) 
rised of two main regions: the Annulus Fibrosus (AF) and the 

ucleus Pulposus (NP). The AF is a concentric and multilayered 

tructure surrounding the NP, a gelatinous structure situated cen- 

rally within the IVD [ 1 ]. The AF-NP interface, known as the Tran-

ition Zone (TZ), has been the subject of very few studies; hence, 

ur understanding of its biomechanical and structural role has yet 

o be determined. It is believed that the TZ region mediates the 

ransfer of mechanical loads, allowing for the essential interplay of 

echanical and biological functions [ 2–4 ]. Biological studies have 

hown that TZ facilitates nutrient transport, maintains a balance 

etween structural stability and flexibility, and controls the ex- 

hange of metabolites [ 5–7 ]. Using animal models such as rabbit 
c. This is an open access article under the CC BY license 
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nd porcine, higher metabolic activity and stiffer cells ( ≈ 3 times) 

ere observed in the TZ compared to the NP region, indicating the 

mpact of the structural hierarchy of the TZ on cell and extracellu- 

ar matrix properties [ 6–8 ]. 

Recent studies have focused on the TZ structural organization 

t the fiber level and its biomechanical properties [ 9–11 ]. These 

tudies revealed that parallel elastic fibers in the NP running to- 

ards the AF merged to form an elastic network at the TZ region 

 11 ]. The TZ elastic network is subsequently integrated into the AF 

bers via adaptation, direct penetration, and entanglement mech- 

nisms [ 9 ]. Further investigations into the biomechanical prop- 

rties of the TZ region under different loading scenarios (non- 

hysiological and physiological loading) clarified the critical role 

f the TZ in the adjustment of the stiffness gradient which in- 

reases from the NP towards the AF [ 9 , 10 ]. While these studies

ave enhanced our understanding of the contribution of the TZ 

egion to the overall IVD structural integrity and its biomechani- 

al properties, how stress is relaxed at the AF-NP interface is yet 

o be explored. Stress relaxation involves complex interactions be- 

ween IVD fluid flow, viscoelasticity, and fiber organization [ 12–14 ]. 

he redistribution of IVD fluid, realignment of fibers, and gradual 

eformation of tissue in response to sustained mechanical load- 

ng contribute to the dissipation of stress over time and influence 

he biomechanical characteristics of the IVD. Therefore, abnormal 

tress relaxation behavior can be a sign of IVD structural deficien- 

ies leading to stress relaxation-associated pathologies [ 15 , 16 ]. In- 

ights into the TZ stress relaxation characteristics, including ex- 

essive or abnormal stress relaxation, can enhance our knowl- 

dge of the TZ potential contribution to chronic low back pain 

evelopment. 

Several studies have investigated the time-dependent defor- 

ation, including stress relaxation properties, of IVD as a whole 

nd have used different mathematical approaches such as linear 

nd non-linear viscoelastic modelling to identify the impact of 

ydration and osmotic properties, structure, degeneration grade, 

ow-frequency vibration, and loading cycles on the overall IVD 

iscoelastic and stress relaxation properties [ 12 , 17–26 ]. These in- 

estigations have shown that the IVD response to cyclic loading ex- 

ibits a nonlinear plateauing effect with reduced relaxation, which 

an be fully restored after unloading [ 24 , 27 ]. Additionally, it was

xplained that swelling (due to osmosis) and fiber-induced equilib- 

ium strain (due to structural complexity) are important parame- 

ers for developing a more physiological model to predict AF stress 

elaxation behavior [ 28 ]. It was also found that injured IVDs ex- 

ibited significantly less stress relaxation, but using Fibgen hydro- 

el to repair the injury could noticeably improve their relaxation 

haracteristics [ 29 ]. IVD relaxation, captured by MRI images, has 

een used to validate a numerical model for predicting mechani- 

al response in uniaxial time-dependent compressive tests and the 

edistribution of tissue porosity after loading. The findings suggest 

hat combining MRI imaging with finite element models enables 

he assessment of degenerative changes in IVDs [ 30 ]. While these 

tudies have enhanced our understanding of the stress relaxation 

haracteristics of the IVD, there are no current studies on the stress 

elaxation properties of the TZ region. Lack of knowledge of the TZ 

tress relaxation properties has motivated the authors to explore 

ow stress is relaxed in this region, followed by exposure to differ- 

nt strain magnitudes in the radial direction (aim 1). Additionally, 

e compared the stress relaxation behavior in the radial direction 

f the TZ to the NP and inner AF regions for a specific strain mag-

itude (aim 2). 

. Materials and methods 

Sample preparation in the current study included two stages. 

irst, an IVD tissue was transversely cut to a thickness of 1 mm 
367
from the middle of the IVD) using a custom-made double-blade 

evice with trimming blades positioned 1 mm apart. Then, AF- 

Z-NP tissue blocks, each measuring 5 mm in width and 30 mm 

n length, were dissected from the IVD tissue. A custom-made 

ouble-blade device with trimming blades positioned 5 mm apart 

as used for tissue block preparation ( Fig. 1 ). The second stage 

as to select a 1 mm length of tissue from the inner an- 

ulus fibrosus (IAF), TZ, and NP regions of the tissue blocks 

sing a tissue-labelling device. This device had two rectangles 

L = 10 mm × W = 5 mm) with a 1 mm distance between them,

ighlighting the regions of interest. In the current study, the NP 

nd TZ regions were defined as being 10 and 1 mm from the last 

ayer of the AF, respectively. The IAF region was defined as be- 

ng 3 mm from the last AF layer (towards the outer AF) ( Fig. 1 a).

hese regions were visually identified under microscope observa- 

ion ensuring the consistency of the samples’ dimensions (thick- 

ess, length, and width) as well as the selection of regions of in- 

erest across all samples for mechanical testing. 

.1. Sample preparation 

Fresh frozen ovine spines (N = 38; > 18 months old) were 

btained from a local abattoir and L4/5 functional spinal units 

FSUs; IVDs with top and bottom vertebrae) were separated from 

he spines. FSUs were randomly organized into 5 groups (N = 6 

ach) for mechanical testing and another 2 groups (N = 4 each) for 

welling characterization. While frozen, the top vertebra was care- 

ully separated from each FSU, and the bottom vertebra was used 

o hold the sample to transversely cut an IVD tissue (1 mm thick) 

rom the middle of each IVD. As explained in our previously pub- 

ished study, a custom-made double-blade cutting device, with the 

rimming blades 1 mm apart, was used to prepare IVD tissues [ 9 ].

inally, tissue blocks (AF – TZ – NP) with 5 mm width and 30 mm 

ength were dissected from the anterior region of the IVD tissues 

 Fig. 1 a). 

.2. Sample preparation for mechanical testing 

Samples for mechanical testing were prepared using a similar 

ethodology determined in our previous works to measure the 

echanical properties of the interlamellar matrix in the AF and 

he TZ region of the IVD [ 9 , 10 , 31 , 32 ]. Briefly, using a laser cutter

Fusion M2), two rectangles (L = 10 mm × W = 5 mm) with a 

 mm distance apart were cut from Kodak photo paper to pre- 

are a tissue-labelling device. Moving the device over the surface 

f the IVD tissue block, under microscope observation (RL-M3T 

tereo microscope), allowed the identification of 1 mm × 5 mm 

length × width) tissue from all regions of interest (inner AF; IAF, 

Z, and NP) using a marker. Using cyanoacrylate adhesive, water- 

roof sandpapers were attached to the edge of the marked regions. 

n total, 30 samples (L = 1 mm × W = 5 mm × t = 1 mm), in-

luding 18 TZ samples (3 groups × 6 samples), 6 IAF samples (1 

roup × 6 samples), and 6 NP samples (1 group × 6 samples), 

ere prepared to perform mechanical tests for the TZ, IAF, and NP 

egions, respectively ( Fig. 1 b). 

.3. Mechanical testing 

An Electroforce testing machine (Biodynamic 5100, load cell ca- 

acity = 22 N, 0.2 % full-scale accuracy, TA Instruments, USA) was 

sed to perform stress relaxation tests. To understand the stress 

elaxation behavior of the TZ region (the first aim of the study), 

eparate TZ samples were stretched (ramp displacement with ramp 

ime < 0.4 s) to 20 %, 40 %, and 60 % of their initial length (1 mm,

quivalent to 0.2, 0.4, and 0.6 mm/mm, respectively) and were held 
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Fig. 1. a) The schematic diagram for the preparation of AF-TZ-NP tissue blocks from the anterior region of IVD, including the identification of the regions of interest for 

mechanical testing using microscopy of the tissue block (10X magnification). Fresh frozen ovine IVD tissues were transversely cut (thickness = 1 mm) from the middle of 

the IVD and AF-TZ-NP tissue blocks (5 mm in width × 30 mm in length) were dissected from the IVD tissue. A region of 1 mm in length was marked from the tissue blocks 

to highlight the IAF, TZ, and NP regions. The NP and TZ regions were defined as being 10 and 1 mm from the last layer of the AF, respectively. The IAF region was defined 

as being 3 mm from the last AF layer. b) The schematic diagram for sample preparation (mechanical testing and swelling characterization). Samples for mechanical testing 

were prepared using cyanoacrylate adhesive to attach waterproof sandpapers to the edge of the marked regions. In total, 30 samples (L = 1 mm × W = 5 mm × t = 1 mm), 

including 18 TZ samples (3 groups × 6 samples), 6 IAF and NP samples (1 group × 6 samples each) were prepared to perform mechanical tests. Samples were stretched at 

different strain magnitudes and were held for 500 s and changes in load as a function of time were then measured to calculate the stress relaxation over time. Another 8 

samples were prepared to measure the swelling properties using a gravimetric method. c) Schematic for stress relaxation test and calculation of normalized stress. 
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or 500 sec. Changes in load as a function of time were then mea-

ured to ultimately calculate the stress relaxation over time. For 

he second aim of the study, to compare stress relaxation parame- 

ers between the TZ and adjacent regions, samples from the TZ, NP, 

nd IAF were stretched to 0.6 mm/mm of their initial length, and 

elevant stress relaxations were measured over 500 sec ( Fig. 1 b). In 

ur previously published studies, we found that structural failure 

f the AF tissue in the IVD initiates at 60–70 % radial stretch and

elamination of the AF layers may occur. Therefore, in this study, 

e chose 0.6 mm/mm stretch to compare how stress is relaxed in 
368
he TZ (compared to the AF and NP regions) when the risk of fail- 

re in the AF is high [ 33 , 34 ]. All mechanical tests were performed

n the radial direction under the application of 25 mN preload. Ad- 

itionally, all samples were pre-soaked in water for different dura- 

ions depending on the region (see swelling characterization) be- 

ore the execution of mechanical testing. A humidity chamber was 

lso used to maintain tissue hydration over time, which was con- 

ected to a portable tabletop compressor nebulizer (CareMax) cre- 

ting a closed-loop circuit to supply water vapor during mechani- 

al testing. 
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.4. Sample preparation for swelling characterization 

The sample preparation process for mechanical testing took ap- 

roximately 20 min to prepare one sample. To understand the im- 

act of the duration of sample preparation on their swelling char- 

cteristics, and consequently, develop a methodology to maintain 

issue hydration before and during mechanical testing, IVD tissues 

ere dissected from the NP-TZ and IAF regions (4 samples in each 

roup). Since the TZ region in the IVD is a small region with less 

han 5 mm of length [ 11 ], it was almost impossible to measure

he swelling properties of the TZ region alone accurately. There- 

ore, NP-TZ tissue blocks were selected to identify the associated 

welling characteristics. Samples were initially placed at room tem- 

erature for 20 min (same conditions as for sample preparation), 

nd water loss was measured gravimetrically. Then, samples were 

laced in a water bath, and their swelling ratio was determined 

ntil the samples reached the initial level of water content. Addi- 

ionally, samples were placed in the humidity chamber for 500 s, 

nd their water loss was determined as a function of time. The 

ssociated swelling properties for all samples were characterized 

ravimetrically using the following equation: 

 ater uptake
[
loss 

]
= mt − m0 

m0 

(1) 

Where mt and m0 were the weights of samples at time t and 0, 

espectively. 

.5. Mechanical data 

Stress relaxation characteristics of IVD samples were calculated 

ased on changes in engineering stress as a function of time. Nor- 

alized stress was calculated as the ratio of stress and equilibrium 

tress ( Fig. 1 c). Stress relaxation parameters were calculated using 

 mathematical model presented by Peleg [ 35 ]: 

( t) = abt 

1 + bt 
(2) 

Where Y(t) and t represent stress decay and time, respectively, 

nd a and b are constant stress relaxation parameters. Y(t) can be 

alculated using the following equation: 

( t) = σ0 − σt 

σ0 

(3) 

Where σ 0 and σ t are the stresses calculated at time 0 and after 

 sec at relaxation, respectively. 

One of the mathematical characteristics of Eq. (2 ) is that it gives 

 straight line when plotted in the form of the following equation: 

1 

Y ( t) 
= 1 

ab 
+ t 

a 
(4) 

Using the Plege model, curves for both different regions and 

train magnitudes were fitted to the experimental data, and the 

oodness of fit was assessed by calculating the coefficient of deter- 

ination (R ²) values. 

Constant parameter “a” refers to the level of stress that is de- 

ayed during relaxation, and parameter “b” represents the rate at 

hich the tissue stress is relaxed. If a = 0, the stress is unlikely to

elax (behavior of an ideal elastic solid), and the tissue stress level 

ventually reaches zero (i.e. liquids) if a = 1. For 0 < a < 1, the tis-

ue equilibrium stress has a value of Y. In general, the lower the 

tress relaxation, the lower the value of parameter b, and a higher 

 value indicates a sharper relaxation descent towards the equilib- 

ium value. 
369
.6. Statistical analysis 

For statistical analysis, separate One-Way ANOVAs (SPSS Statis- 

ics for Windows, Version 27.0. Armonk, NY: IBM Corp.) were per- 

ormed, having test variables of stress decay level and relaxation 

ate for each of the regions of interest (AF, TZ, and NP; strain 

agnitude = 0.6 mm/mm of initial sample length) and the TZ re- 

ion at different strain magnitude of 0.2, 0.4, and 0.6 mm/mm (al- 

ha = 0.05). Post-hoc multiple comparisons using a Bonferroni ad- 

ustment on alpha were also performed to detect significant differ- 

nces between samples. 

. Results 

To maintain tissue hydration before and during mechanical test- 

ng, swelling analyses were performed for both TZ-NP and IAF 

amples separately to minimize the impact of IVD sample hydra- 

ion levels on stress relaxation data. During sample preparation 

20 min), both the IAF and NP-TZ samples became dehydrated with 

he water loss of the NP-TZ samples (20.5 ± 3.5 %) being sig- 

ificantly higher compared to the IAF sample (3.2 ± 0.3 %). Our 

welling data revealed that the swelling ratio for both the IAF and 

P-TZ samples reached the initial level (same level before the start 

f sample preparation) after 23 and 6 min, respectively ( Fig. 2 a). 

his was employed as a swelling protocol to prepare samples for 

echanical testing. Hence, the IAF samples were soaked in water 

or 23 min before being placed in the humidity chamber before 

he execution of mechanical testing. Both TZ and NP samples were 

re-soaked for 6 min in water prior to mechanical testing. To un- 

erstand whether samples dehydrated during the stress relaxation 

est, they were placed in the humidity chamber for 500 s, and their 

ater loss was measured gravimetrically at different time points. It 

as observed that water loss was negligible ( < 2 %) for all samples 

rom different regions of interest during mechanical testing (500 s) 

hen a humidity chamber was used. The water loss from the NP 

TZ as well as the AF samples during stress relaxation tests, were 

.7 ± 0.6 % and 1 ± 0.2 %, respectively ( Fig. 2 b). 

Fig. 3 a and b show the mean ( ± 95 % CI) stress relaxation

urves for the TZ region at different strain magnitudes of 0.2, 0.4, 

nd 0.6 mm/mm and for different regions of interest (IAF, TZ, and 

P) at 0.6 mm/mm strain, respectively. The initial tissue stress was 

igher for higher strain magnitudes with an increasing trend from 

.2 to 0.6 mm/mm. Our normalized data for stress (to the equilib- 

ium stress) revealed that the IAF exhibited a different stress relax- 

tion behavior compared to the NP and TZ regions ( Fig. 3 c). While

tress decay was approximately similar for both the TZ and NP re- 

ions, we observed a lower normalized stress for the IAF region. 

he observed mismatch in decay patterns for different IVD regions 

ay affect the load transfer. 

Our statistical analysis revealed that the initial TZ stress was 

ignificantly higher for 0.6 mm/mm strain (122.5 ± 17.4 kPa) com- 

ared to 0.4 mm/mm (74.6 ± 18.9 kPa; p = 0.01) and 0.2 mm/mm 

40.7 ± 8.7 kPa; p < 0.001) strains. A higher initial TZ stress was 

lso observed for 0.4 mm/mm compared to 0.2 mm/mm strain 

marginally significant; p = 0.06) ( Fig. 4 a). For all strain magni- 

udes, the final average TZ stress was not decayed to zero with 

he mean ( ± 95 % CI) equilibrium stresses being 14.6 ± 5.3, 

.9 ± 3.1, and 6.1 ± 2.4 kPa for strain magnitudes of 0.6, 0.4, and 

.2 mm/mm, respectively. The TZ equilibrium stress was marginally 

ifferent for different strain magnitudes ( p = 0.05) ( Fig. 4 b). 

The overall effect of the region (IAF, TZ, and NP) was significant 

or both initial and equilibrium stresses ( p < 0.001) when samples 

ere exposed to 0.6 mm/mm strain. The initial stress was signif- 

cantly higher for the IAF (431.4 ± 27.8 kPa) compared to the TZ 

122.5 ± 17.4 kPa; p < 0.001) and NP (34.7 ± 3.9 kPa; p < 0.001) 

egions ( Fig. 4 c). Additionally, the initial TZ stress was significantly 
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Fig. 2. Swelling (hydration – dehydration) process during sample preparation (a) and water loss during mechanical testing (b). The first dehydration phase (blue lines) 

indicates tissue water loss during sample preparation. The rehydration phase (red lines) shows the swelling process of tissue in a water bath to identify the required 

swelling time essential to reach the initial level of tissue hydration as before sample preparation. The curved black arrows in ( Fig. 2 a) indicate the duration of swelling in 

a water bath to reach the initial level of tissue hydration. AF, TZ, and NP refer to the annulus fibrosus, transition zone, and nucleus pulposus of the IVD, respectively. The 

second dehydration phase (green lines in Fig. 2 b) indicates tissue water loss in the humidity chamber for more than 500 s. The straight arrows (b) show samples water loss 

in the humidity chamber at 500 s (duration of mechanical testing). In and out represent water vapour inlet and outlet for the connection of the humidity chamber to a 

nebulizer. 
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igher than the NP ( p = 0.001). The mean ( ± 95 % CI) equilibrium

tresses for the IAF, TZ, and NP were 121.4 ± 20.8, 14.6 ± 6.7, and 

.5 ± 2.4 kPa, respectively. Our statistical analysis revealed that the 

quilibrium stress was significantly higher for the IAF compared to 

he TZ and NP ( p < 0.001) but not between the TZ and NP regions

 p = 0.7) ( Fig. 4 d). 

The average R2 values exceeded 0.98 ( Table 1 ), indicating an ex- 

ellent fit between the model and the data, thereby demonstrating 

he model’s high accuracy in representing the underlying trends 

ithin the experimental dataset. Using the Peleg model ( Eqs. (2) 

nd (3) ), the level of decayed stress (parameter a), rate at which 

tress is relaxed (parameter b), and the time necessary for stresses 

o reach 50% of the decayed stress (t50 ) were calculated ( Table 1 ).

ased on Eq. (2) , 1/b is the time required to reach the level of

tress a/2. 
Table 1 

The mean ( ± 95 % CI) values for the level of decayed stress (p

eter b), the time necessary for stress to reach 50 % of the dec

determination (R ²), for different regions and at different TZ init

a b (1/s) 

IVD regions [strain = 0.6 mm/mm] 

IAF 0.7 ( ± 0.03) 0.7 ( ± 0.03

TZ 0.9 ( ± 0.04) 0.14 ( ± 0.0

NP 0.9 ( ± 0.05) 0.3 ( ± 0.15

Strains [TZ region] 

0.2 mm/mm 0.8 ( ± 0.03) 0.10 ( ± 0.0

0.4 mm/mm 0.9 ( ± 0.02) 0.1 ( ± 0.05

0.6 mm/mm 0. 9 ( ± 0.04) 0.14 ( ± 0.0

370
Our statistical analysis revealed that the overall effect of region 

n both the level of decayed stress (parameter a) and the rate at 

hich stress is relaxed (parameter b) was significant ( p < 0.006). 

o significant differences were found for the level of decayed 

tress ( p = 0.73) and the rate at which stress is relaxed ( p = 0.23)

or the TZ region at different strain magnitudes ( Fig. 5 ). 

Posthoc analysis revealed that the level of decayed stress was 

ignificantly lower for the IAF compared to the TZ ( p = 0.001) and 

P ( p = 0.002) regions ( Fig. 5 a). Moreover, it was found that the

ate at which stress is relaxed was significantly lower ( p = 0.007) 

or the IAF compared to the NP ( Fig. 5 b). Interestingly, the rate 

t which stress is relaxed in the IAF was not significantly lower 

han the TZ ( p = 0.8). It was also revealed that the rate at which

Z stress is relaxed was lower than the NP region ( p = 0.04). No

ignificant differences were found for the level of decayed stress 
arameter a), the rate at which stress is relaxed (param- 

ayed stress, and the average value for the coefficient of 

ial strains. 

t50 (s) Average R2 

) 12.8 ( ± 1.8) 0.99 ( ± 0.001) 

5) 7.7 ( ± 2.2) 0.99 ( ± 0.004) 

) 4.0 ( ± 2.3) 0.98 ( ± 0.007) 

2) 10.5 ( ± 2.4) 0.98 ( ± 0.005) 

) 8.1 ( ± 1.9) 0.99 ( ± 0.008) 

1) 7.7 ( ± 2.2) 0.99 ( ± 0.004) 
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Fig. 3. Stress relaxation data for a) stress relaxation curves (mean ± 95 %CI) for TZ region at different strain magnitudes of 0.2, 0.4, and 0.6 mm/mm including a magnified 

working range of initial 50 sec (inset), b) stress relaxation curves (mean ± 95 %CI) for different IVD regions (IAF, TZ, and NP) under 0.6 mm/mm strain magnitude including 

a magnified working range of initial 50 s (inset) and c) stress relaxation curves (mean) using normalized stress (to the equilibrium stress) for different regions of interest 

(IAF, TZ, and NP) under 0.6 mm/mm strain magnitude including a magnified working range of initial 40 s (inset). 
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 p = 0.7) and the rate at which stress is relaxed ( p = 0.231) at

ifferent strain magnitudes for the TZ region ( Fig. 5 c and d). 

For the TZ region, the overall effect of strain magnitudes on t50 

as not significant ( p = 0.13). A significant difference was found 

or t50 between different IVD regions ( p < 0.001). Our posthoc 

valuation revealed a significantly higher t50 for the IAF compared 

o the TZ ( p = 0.007) and NP ( p < 0.001). Additionally, t50 was
371
arginally higher for the TZ compared to the NP region ( p = 0.05) 

 Fig. 6 ). 

. Discussion 

The current research study aimed to provide new insights into 

he stress relaxation properties of the TZ compared to the adja- 
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Fig. 4. Stress relaxation data for changes in initial (a) and equilibrium (b) stresses for the TZ region under different strain magnitudes of 0.2, 0.4, and 0.6 mm/mm, as well 

as changes in initial (c) and equilibrium (d) stresses for different regions of interest (IAF, TZ, and NP) under a strain magnitude of 0.6 mm/mm. 

Fig. 5. Outcomes of the Peleg model for stress relaxation analysis indicating the overall effect of the region (a and b) and strain magnitude (0.2, 0.4, and 0.6 mm/mm) on 

the level and rate of decayed stress (c and d). 

Fig. 6. The effect of (a) region and (b) strain magnitude on t50 (the time necessary for stresses to reach 50 % of the decayed stress). 

372
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ent regions of the intervertebral disc (the IAF and NP) in the ra- 

ial direction, determine their mechanical continuity under stress 

elaxation conditions, and model their stress relaxation behavior. 

rior to the current study, the stress relaxation characteristics of 

he TZ region were unknown, and how stress is relaxed in the 

Z compared to the adjacent IVD regions (NP and IAF) was not 

ully understood. In the current study, samples from the TZ region 

ere carefully selected and prepared. Understanding the stress re- 

axation behavior of the TZ region will pave the way for the devel- 

pment of enhanced computational models and biomimetic grafts 

hat present more realistic IVD features, including how the NP and 

AF are mechanically related. In addition, the results of the cur- 

ent study may be helpful in creating new technologies, such as 

rgan-on-a-chip models that represent IVD regions with different 

echanical, structural and biological characteristics [ 36 ]. 

Sample preparation in the current study was performed based 

n well-established methodology published in our previous stud- 

es [ 9 , 10 ]. The preparation of samples for mechanical testing from 

he NP and IAF was straightforward, and our approach to select- 

ng the last layer of the IAF as a reference and collecting sam- 

les with 3 and 10 mm distance from that ( Fig. 1 a), to prepare

AF and NP samples respectively, provided consistency and a re- 

roducible method for sample preparation. However, the prepara- 

ion of TZ samples was challenging due to the size of the region. 

n our previously published studies, we observed a different struc- 

ural organization, compared to the rest of the NP, for the elas- 

ic and collagen fibers within a 5 mm distance from the last layer 

f the IAF (toward the NP), which represented the start of the TZ 

 9 , 11 , 31 ]. Therefore, selecting tissue with a 1 mm length from the

ast layer of the IAF ensured that the TZ region was selected and 

hat the effect of the IAF lamellae and NP on sample preparation 

as minimal. It is important to note that we assumed that both TZ 

nd NP regions share approximately similar swelling characteristics 

hich may impose some limitations. This was due to the small size 

f the TZ region, which made the accurate gravimetric measure- 

ent of swelling almost impossible. This approach can be consid- 

red as one of the limitations of the current study. The results of 

he current study showed no significant changes in the swelling 

atio between neighbouring time intervals for both the AF and NP- 

Z regions ( p < 0.8), supporting the suitability of the developed 

echnique for characterizing tissue rehydration. However, it is im- 

ortant to consider that the precision of the technique may vary 

epending on the size, species, and regions of interest. 

As expected, we observed different swelling properties for dif- 

erent IVD regions (IAF and NP-TZ), which was predicted to be re- 

ated to the concentration gradient of IVD glycoproteins and the 

ype of collagen fibers from the NP towards the AF, as well as 

icrostructural changes between the regions [ 37–41 ]. The current 

tudy introduced a swelling (pre-conditioning) protocol for the 

easurement of micromechanical properties using ovine IVDs and 

evealed that the use of a humidity chamber could reduce IVD wa- 

er loss to less than 2 % for a long stress relaxation ( Fig. 2 ). 

The first aim of the current study was to understand the effect 

f strain magnitude on the stress relaxation properties of the TZ 

egion. We observed a similar trend for the TZ stress decay un- 

er different strain magnitudes of 0.2, 0.4, and 0.6 mm/mm, with 

o significant differences observed for t50 between different strain 

agnitudes ( Fig. 6 b). However, we found significantly higher ini- 

ial stress for the 0.6 mm/mm strain compared to the 0.4 mm/mm 

40 %; p = 0.008) and 0.2 mm/mm (67 %; p < 0.001) strain

agnitudes ( Fig. 4 a). The TZ initial stress for the 0.4 mm/mm 

train was higher (marginally significant, p = 0.06) than that 

f for 0.2 mm/mm strain magnitude. Additionally, we observed 

hat for all strain magnitudes, the final average TZ stress was 

ot decayed to zero; however, the difference between equilibrium 

tresses was marginally significant ( Fig. 4 b; p = 0.05). The ob- 
373
ervation of marginally significant differences in equilibrium and 

nitial stresses between different strain magnitudes may be rele- 

ant to the sample size, which can be considered another limi- 

ation of the current study. Our previous studies to measure and 

haracterize the microstructural and micromechanical properties of 

he AF lamellae, interlamellar matrix (ILM), NP and TZ have re- 

ruited 6 to 10 samples where the observed powers were > 0.9 

 10 , 11 , 34 , 42 , 43 ]. In the current study, we employed 6 samples in

ach group sample (30 samples in total) to identify the stress re- 

axation parameters, which seems adequate to ensure true differ- 

nces are found. It is important to note that our previous study on 

he mechanical characterization of TZ region revealed that strain 

agnitudes below 70% were unlikely to create permanent defects 

n the TZ microstructure [ 9 ]. The TZ region exhibited a nonlinear 

iscoelastic behavior with an average strain of 69% ( ± 8.8 %) at 

aximum stress. This might explain why the impact of strain mag- 

itudes (0.2, 0.4, and 0.6 mm/mm) on relaxation parameters was 

ot significant ( Fig. 5 c and b). In the current research, the ramp

ime was less than 0.4 seconds. Whether this duration was suffi- 

ient to minimize tissue relaxation during initial loading is unclear. 

his should be considered as another limitation of the study. An- 

ther limitation of this study was the use of an ovine model. De- 

pite significant evidence supporting ovine models for their struc- 

ural and biochemical resemblance to human IVDs the use of hu- 

an samples would offer more clinically relevant insights [ 44 , 45 ]. 

The second aim of the study was to identify how stress is re- 

axed in the TZ compared to the adjacent regions of the IVD (IAF 

nd NP) under 0.6 mm/mm strain magnitude. Our previously pub- 

ished studies found that structural failure of the AF tissue in the 

VD initiates at 60–70 % radial stretch and delamination of the AF 

ayers may occur. Therefore, in this study, we chose 0.6 mm/mm 

tretch to compare how stress is relaxed in the TZ (compared 

o the AF and NP regions) when the risk of failure in the AF 

s high [ 33 , 34 ]. Our experimental stress relaxation data revealed 

 significantly higher equilibrium stress for the IAF compared to 

he TZ and NP regions ( p < 0.001) but not between the TZ and

AF regions ( p = 0.7). We found that NP radial stress was re- 

axed significantly faster ( p < 0.04) compared to the TZ and NP 

 Fig. 5 b); however, this rate was not significantly different between 

he IAF and TZ. The initial stress was significantly higher for the 

AF (431.4 ± 27.8 kPa) compared to the TZ ( > 3 times; p < 0.001)

nd NP ( > 12 times; p < 0.001) regions. In addition, the initial TZ

tress was significantly higher compared to that of the NP ( > 3.7 

imes; p = 0.001) ( Fig. 4 c). We found a significantly higher t50 for

he IAF compared to the TZ ( p = 0.007) and NP ( p < 0.001). Addi-

ionally, t50 was marginally higher for the TZ compared to the NP 

egion ( p = 0.05) ( Fig. 6 ). 

In the current research, we employed the mathematical model 

roposed by Peleg to identify the stress relaxation behavior of dif- 

erent IVD regions. The Peleg mathematical equation presents a 

imple model with only two constants (level of decayed stress and 

ate of stress relaxation). The outcomes of the model were consis- 

ent with experimental data indicating that the overall effect of re- 

ion on both the level of decayed stress (parameter a) and the rate 

t which stress is relaxed (parameter b) was significant ( p < 0.01). 

he IAF exhibited significantly lower decayed stress compared to 

he TZ ( p = 0.001) and NP ( p = 0.002) regions ( Fig. 5 a). The result

f the current study revealed that the stress relaxation rate and 

ecayed stress exhibited an increasing trend from the IAF towards 

he NP, which were in the opposite trend to the hysteresis area and 

odulus [ 9 ]. The Peleg model was used in this study due to its

implicity, akin to the quasi-linear viscoelastic model, which facil- 

tates the comparison of relaxation parameters across different re- 

ions of interest at various strain rates and magnitudes. This model 

llows for the straightforward calculation of stress relaxation pa- 

ameters at a single strain level. However, it is important to note 
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Fig. 7. Schematic of the microstructural organization of collagen and elastic fibers within the NP, TZ and IAF regions, including changes in stress relaxation parameters 

(under 0.6 mm/mm strain) from the NP towards the IAF. The length scale microstructural organization of fibers indicates that like collagen, elastic fibers are composed of 

cross-linked microfibrils but with different lengths. 
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hat constitutive law might offer im proved predictive accuracy by 

apturing nonlinearities in the stress relaxation responses [ 46 ]. 

The current study investigated how stress is relaxed between 

djacent regions of the IVD (IAF, TZ, and NP) in the radial di- 

ection. The focus of this research was to identify the stress re- 

axation properties of the TZ, compared to the adjacent regions, 

nd therefore, the associated mechanism was not directly explored. 

owever, shape transformation is likely to explain different re- 

axation properties between different IVD regions. Different stud- 

es have shown that bilayered hydrogels with varying viscoelastic 

roperties often exhibit mismatched recovery rates after being re- 

eased from a pre-stretched state, resulting in shape transformation 

 47–49 ]. This phenomenon is linked to the kinetics of physical as- 

ociations and the entropic elasticity of molecular chains, which 

ause a temporary configuration before full recovery to the original 

hape [ 49 ]. It’s important to recognize that shape transformation 

an also occur due to swelling mismatches in bilayer hydrogels 

r those with a gradient microstructure [ 50–52 ]. These materials 

ave different stiffness and diffusion properties, leading to varying 

olume changes causing shape changes. Additionally, a similar vis- 

oelastic mismatch is often observed in nature; for example, the 

eaves of the Mimosa pudica plant quickly curl up and then grad- 

ally recover after being touched [ 53 ]. This process involves spon- 

aneous shape-shifting to form three-dimensional structures, fol- 

owed by self-recovery to the original form. In the current study, 

e found (normalized stress relaxation data, Fig. 3 c) similar stress 

elaxation characteristics between the NP and TZ regions. However, 

he IAF exhibited a mismatch in stress relaxation characteristics 

ompared to the NP and TZ. It is possible that this mismatch in 
374
tress relaxation acts as a shape transformation mechanism trig- 

ered by viscoelastic behavior, as shown for synthetic materials 

 49 ]. Our previous study revealed that changes in the IVD struc- 

ure and composition of the IAF-TZ-NP tissue block induced gra- 

ient hyperelastic behavior [ 9 ]. In this study, we observed both 

welling and relaxation mismatches between the NP and TZ when 

ompared to the IAF. 

Stress relaxation is mainly attributed to the sliding of collagen 

bers and fibrils as well as their interactions with other compo- 

ents of the extracellular matrix such as PGs and GAGs [ 54–57 ]. In

ddition, shape transformation can be explained based on the dif- 

erences in microstructural organization between the IVD regions. 

n our previously published studies, we found that the NP colla- 

en fibers were mostly orientated toward the top and bottom ver- 

ebrae, while elastic fibers were more radially orientated toward 

he AF. In contrast, both elastic and collagen fibers were highly ra- 

ially orientated within the TZ region, creating a honeycomb mi- 

rostructure that was mechanically connected to the fibers in the 

AF region. Highly interconnected fibers (both collagen and elastic 

bers) in the IAF created a substantially compact and dense net- 

ork that controlls the viscoelastic properties of the region. Both 

ollagen and elastic fibers in the NP and TZ regions, which are 

hysically and mechanically integrated, create a looser fiber net- 

ork compared to the TZ regions, leading to a steeper descent of 

he relaxation curve toward the equilibrium values ( Fig. 7 ). This 

lso explains the significant effect of IVD regions on t50 (the time 

ecessary for stresses to reach 50 % of the decayed stress) in- 

icating a decreasing trend from the IAF towards the NP. Differ- 

nt studies have shown the impact of collagen fibers, PGs, and 
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AGs in the viscoelastic behavior of soft tissues, indicating that 

lastic fibers may contribute less to the viscoelastic characteristics 

 54–57 ]. This conclusion has been made based on the observation 

f the positive correlation between collagen content and changes 

n relaxation modes and trends. Therefore, collagen fibres are per- 

aps the most important fibrous component contributing to the 

ime-dependent behaviour of the soft tissues. However, our pre- 

iously published studies revealed that the interlamellar matrix of 

he AF in IVD, with a high concentration of elastic fibers, exhibited 

iscoelastic properties [ 34 ]. This suggests that while non-elastic 

omponents of the IVD play a significant role in its viscoelastic 

ehavior, the role of elastic fibers should not be ignored. In fact, 

echanically integrated fiber structures or designs (composed of 

oth collagen and elastin) with different multiscale structural or- 

anizations which are assembled in a high water-content PG and 

AG matrix, may control the viscoelastic characteristics of IVD. It 

s highly likely that elastic behavior in small strains of the IAF-TZ- 

P tissue is mainly controlled by the elastic fiber network, while 

ther components of the extracellular matrix (including PGs, GAGs, 

nd collagen) govern the large deformations, hyperelastic and vis- 

oelastic behavior. From a structural point of view, the size, orien- 

ation, density, and shape factor of elastic fibers are significantly 

ifferent between various IVD regions including the IAF, TZ, and 

P which may contribute to the viscoelastic and stress relaxation 

roperties of the IVD [ 58–60 ]. The introduction of “shape trans- 

ormation” as a plausible mechanism for changes in decayed stress 

rom the NP towards the IAF may be clinically relevant. However, it 

equires further investigation to understand whether the proposed 

echanism can induce tissue failure during radial extension. 

. Conclusion 

This study, for the first time, identified the stress relaxation 

roperties of the transition zone (TZ) in the IVD under different 

agnitudes and revealed how stress relaxation parameters are al- 

ered from the NP towards the IAF. For the TZ region, the initial 

issue stress was higher for higher strain magnitudes with an in- 

reasing trend from 0.2 to 0.6 mm/mm; however, t50 (the time 

ecessary for stresses to reach 50 % of the decayed stress) was 

ot significantly different. We found that the overall effect of re- 

ion on initial stress, equilibrium stress, level of decayed stress, 

he rate at which stress is relaxed, and t50 was significant. The re- 

ults of the current study revealed a mismatch for stress relaxation 

roperties, based on normalized data of the different regions. This 

roposed “tissue shape transformation” as a mechanism for stress 

elaxation changes between IVD regions and, more specifically, be- 

ween the IAF and TZ. Changes in microstructural organization of 

ollagen and elastic fibers and variation in composition and con- 

entration of the IVD extracellular matrix components, as well as 

iochemical links and mechanical entanglement within the fibrous 

tructure can potentially justify the significant effect of regions and 

train magnitudes on the stress relaxation behavior of IVD. 
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