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a b s t r a c t 

Load transmission is an important function of the meniscus. In articular cartilage, proteoglycans help 

maintain hydration via negatively charged moieties. We aimed to investigate the influence of electrostatic 

effects on stiffness of meniscal tissue. 

Circular discs from bovine menisci of 8 mm diameter and 5 mm thickness were placed within a con- 

fined compression chamber. The apparatus was bathed in distilled water, 0.14 M PBS or 3 M PBS before 

being subjected to 5% ramp compressive strain and held for 300s. FEBio software was used to fit resultant 

relaxation curves to a non-linear poroviscoelastic model with strain dependent Holmes-Mow permeabil- 

ity. Analysis was conducted using one-way ANOVA with Tukey post-hoc analysis. 

10 samples were tested in each solution. Significant differences ( p < 0.05) were observed between 

the values for Young’s modulus, zero strain dependent permeability and the viscoelastic coefficient for 

samples tested in 3 M PBS as compared to deionised water/0.14 M PBS. No significant differences were 

observed in the strain dependent/stiffening coefficients or the relaxation time. Approximately 79% of the 

stiffness of the meniscus appears attributable to ionic effects. 

Ionic effects play a significant role in the mechanical stiffness of the meniscus. It is important to 

include the influence of ionic effects when developing mathematical models of this tissue. 

© 2018 IPEM. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

The menisci of the knee, historically thought of as vestigial

emnants [1] , are now understood to play a critical role in load

ransmission across the knee [2–4] . Histologically, the water con-

ent of the meniscus is estimated at 74% whilst the remaining

ry weight is 75% collagen. Collagen fibres are arranged circum-

erentially in deeper layers of the tissue and tangentially in super-

cial layers [5] . Load transmitted to the meniscus is resisted by

he firm ligamentous attachments of the menisci to bone, gener-

ting circumferential tensile (hoop) stresses in the aforementioned

ircumferential collagen fibres [5,6] . In addition, proteoglycans in

he meniscus aid resistance against compressive loading of the

eniscus. These large proteins are immobilised in the menisci by

he collagen fibres [7] and aid fluid distribution, generating os-

otic pressure gradients. Generation of such pressure is also aided

y the low permeability of meniscal tissue [5] . Proteoglycans are

ighly anionic due to their attached glycosaminoglycans, which are
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resent in a variety of connective tissues [8] . The predominant pro-

eoglycan present in the meniscus is chondroitin sulphate, with a

maller proportion of dermatan sulphate also [9] . These types of

roteoglycan complexes are similar to those observed in cartilage

10] , though the concentrations of proteoglycans within meniscal

issue is lower [11] and has reported to be 1/8th of that in carti-

age [12] . Study of porcine menisci suggests that there is a vari-

ble concentration of proteoglycans across the width tissue, with

he inner surface of the meniscus, which is exposed to the high-

st loads, demonstrating the highest concentration of proteogly-

ans [13] . Proteoglycans are thought to be largely responsible for

he viscoelastic properties of the meniscus in compression [14] . 

The mechanism through which proteoglycans mediate their ef-

ects has been studied in a number of other connective tissues.

n articular cartilage and in the nucleus pulposus of the interver-

ebral disc, proteoglycans exhibit a fixed negative charge due to

hondroitin sulphate and keratin sulphate molecules dissociating

n solution. In turn, this leads to the development of a high Don-

an osmotic pressure in the tissue [15] . This is due to the pro-

eoglycans in the tissue being effectively trapped within the tissue

ue to their large molecular mass and leads to the tissue itself act-

ng as a semi-permeable membrane. This osmotic pressure leads to

https://doi.org/10.1016/j.medengphy.2018.12.010
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Fig. 1. Confined compression apparatus (bath allowing entire apparatus to be 

bathed in solution removed for clarity). 
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an ability of the tissue to resist load. Fluid either exits the tissue

(under load) or is re-imbibed (during unloading) to allow the os-

motic gradient to reach equilibrium. This swelling is opposed by

the collagen fibrillar network, which resists the tension generated

by such swelling during loading of the tissue [16] . 

In articular cartilage, depletion of proteoglycans has been

shown to result in a reduced compressive modulus [17] . Further-

more, increasing ionic concentration of bathing solutions results

in reduced shear modulus of cartilage [18] . Korhonen and Ju-

rvelin [19] tested bovine humeral articular cartilage in solutions of

varying ionic concentrations in unconfined compression, fitting a

poroelastic biphasic finite element model to demonstrate that an

increase in osmolarity of the bathing solution resulted in a de-

crease in compressive modulus, whilst a decrease resulted in the

opposite effect. The authors also showed a correlation between

the proteoglycan concentration within the tissue and the compres-

sive modulus measured, hence leading them to suggest that tis-

sue proteoglycans account for a significant proportion of the com-

pressive properties of articular cartilage. Notably, Canal Guterl et

al. [15] suggest that the Donnan osmotic pressure induced by pro-

teoglycans cannot account for the observed contribution of proteo-

glycans to tissue stiffness. Through testing of bovine articular car-

tilage in solutions of varied ionic strengths, coupled with mechani-

cal testing of cartilage before and after proteoglycan digestion, they

suggest that the combined electrostatic and non-electrostatic con-

tribution of proteoglycans to the compressive modulus of articu-

lar cartilage accounts for > 98% of the compressive modulus. Fur-

thermore, ionic effects were thought to represent 62% of this to-

tal, with a decrease in the compressive modulus observed in so-

lutions of high ionic concentration. Investigation into the effect

of the fixed charge density of proteoglycans within articular car-

tilage during simulated walking in a finite element model of the

knee suggests that the importance of this effect is amplified as the

collagen network degenerates, in conditions such as osteoarthritis

[20] . 

Proteoglycans are also understood to aid load transmission in

the nucleus pulposus of the intervertebral disc, a tissue which

withstands significant compressive load in the lumbar spine [21] .

The structure of proteoglycans within the nucleus pulposus has

been found to differ from that observed in other tissues such as

articular cartilage or meniscus, with non-aggregated monomers

of short length present [22] . However, testing of bovine nucleus

pulposus in confined compression in physiological and hypertonic

saline solutions suggests that, similar to articular cartilage, the

stiffness of nucleus pulposus has both ionic and non-ionic compo-

nents, with the ionic component responsible for 70% of the stress

response [23] . 

The mechanism and extent by which proteoglycans exert this

effect has not been demonstrated in meniscal tissue and the con-

tribution of proteoglycans to the mechanical stiffness of the menis-

cus has not been previously quantified. Such data is important for

a complete constitutive description of the tissue enabling appropri-

ate models to be constructed and parameterised. This paper there-

fore describes a series of experiments to determine the magnitude

of the ionic contribution of proteoglycans to mechanical stiffness

of the bovine meniscus. 

2. Methods 

Bovine hind legs were obtained from a local abattoir immedi-

ately after slaughter. Menisci were excised and immediately frozen

at −20 °C until the day of testing. Freezing meniscal tissue has

been demonstrated to have no significant effect on ultrastructure

of the tissue [24] or proteoglycan content [25] . All experiments

were conducted within 6 weeks of slaughter. All animal was con-
ucted in accordance with the U.K. Animals (Scientific Procedures)

ct, 1986. A circular punch was used to obtain 8 mm diameter

ylindrical cores of meniscus in the axial plane from the junction

f the middle and outer third of the meniscus. A custom sectioning

evice was used to cut 5 mm thick discs of tissue from these sam-

les. Both femoral and tibial surfaces were removed to generate

 mid-substance sample. A micrometre was used to verify sample

hickness. Discs were immediately wrapped in a non-permeable

lastic film and allowed to defrost for 2 h. 

To investigate the influence of ionic effects, we chose to un-

ertake confined compression experiments in solutions of varying

onic concentration. It has been demonstrated that whilst a 3 M

BS solution is sufficiently hypertonic to negate ionic effects in

oth articular cartilage [26] and intervertebral disc [23] , whilst a

eionised water solution negates all mobile ion effects. 

Following defrosting, samples were placed into a confined

ompression chamber, permeable at the bottom only (pore size

00 μm) ( Fig. 1 ). Samples were bathed in one of three solutions

deionised water, 0.14 M PBS or 3 M PBS and immediately sub-

ected to a confined compression protocol as detailed below. The

pparatus was placed within a Bose Electroforce 3100 materials

esting machine and a custom waveform was created as follows . A

orous indenter (pore size 400 μm) conforming to the dimensions

f the compression chamber was used under load control to apply

 preload of 0.3 N, followed immediately by a 5% ramp strain un-

er displacement control at 1% per second, hence the total strain

as applied over 5 s for each sample. The strain rate was chosen

o allow the requisite strain to be applied without overloading the

oad cell and was arbitrarily chosen as a balance between the ma-

erial testing machine’s capabilities and requirements of the model

sed. Both the indenter and compression chamber were comprised

f a plastic polymer with a flexural modulus of 3350 N/mm 

2 . 

Separately conducted preliminary testing of samples had estab-

ished that if subjected solely to a 0.3 N preload in 0.14 M/3 M PBS

eached load equilibrium within 1–2 h, those tested in deionised

ater did not reach load equilibrium at > 6 h due to persistent

welling, with swelling effects becoming dominant at 300 s. Hence,

o allow samples in each solution to be tested with similar pre-

onditioning, we did not seek to test at load equilibrium, but in-

tead applied a 0.3 N preload followed by an immediate ramp

train compression as detailed above. As swelling effects became



F. Mahmood, J. Clarke and P. Riches / Medical Engineering and Physics 64 (2019) 23–27 25 

d  

p  

a  

t

 

p  

m  

m  

f  

t  

m  

t  

s  

n  

c  

w  

T  

d  

s  

d  

h  

[  

e

W

Q

w  

C  

e  

L  

r

λ

μ

G

w  

i  

f

k

w  

p  

d

 

e  

e  

f  

t  

t  

t  

w  

p  

n  

t  

i  

T  

n  

c

R

w  

t  

t

3

 

f  

t  

l  

s  

v  

s  

d  

p  

P  

P  

t  

0  

m

4

 

m  

t  

I  

t  

s  

fl  

s  

t  

r  

t  

o  

a  

r  

t

 

g  

m  

t  

w  

c  

n  

s  

s  

t  

t  

d  

a  

p

 

s  

t  

p  

s  

e  

h  

s  
ominant at 300 s, relaxation data was collected for only this time

eriod. Hence, each sample was tested over a ∼5 s ramp phase and

 300 s hold phase. Each sample was tested only once, in one of

he three solutions. 

FEBio software [27] was used to develop a non-linear biphasic

oroviscoelastic finite element model with strain dependent per-

eability [28] . The model consisted of 404 nodes, with 100 ele-

ents. A convergence study suggested a percentage error of < 0.1%

or a model with 404 nodes compared to one with ∼10 0 0 nodes,

hus a 404 node model was chosen to allow an acceptable compro-

ise between accuracy and numerical efficiency. Boundary condi-

ions were set to confined compression and the Poisson’s ratio was

et to zero. A Poisson’s ratio of zero was chosen as it would have

o effect on the experimental results as lateral stresses were not

onsidered. The sides of the chamber, which were impermeable,

ere modelled as such, although some lateral flow likely occurred.

his approach is consistent with that used by other authors con-

ucting confined compression experiments in connective tissues,

uch as in the assessment of articular cartilage [29] , collagen hy-

rogels [30] and the intervertebral disc [23] . The material defined

as been used to represent the solid matrix of articular cartilage

29] and intervertebral disc [31] . The coupled hyperelastic strain

nergy for this material is given by: 

 ( I 1 I 2 J ) = 

1 

2 

c 
(
e Q − 1 

)

And 

 = 

β

λ + 2 μ
[ ( 2 μ − λ) ( I 1 − 3 ) + λ( I 2 − 3 ) − ( λ + 2 μ) ln J 2 

here I 1 and I 2 are the first and second invariants of the right

auchy–Green tensor, J is the Jacobian of the deformation gradi-

nt and β is the exponential stiffening coefficient. λ and μ are the

amé parameters, related to the Young’s modulus ( E ) and Poisson’s

atio ( ν) as follows: 

= 

E 

( 1 + ν) ( 1 − 2 ν) 

= 

E 

2 ( 1 + ν) 

The relaxation function ( G ) was assumed to be given by: 

 ( t ) = 1 + γ exp 

(
− t 

τ

)

here γ is the viscoelastic coefficient and τ is the relaxation time

n seconds. Strain dependent permeability was described by the

ollowing function: 

 ( J ) = k 0 e 
1 
2 M ( J 2 −1 ) 

here J is the Jacobian of deformation, k 0 is the isotropic hydraulic

ermeability in the reference state and M is the exponential strain

ependent coefficient. 

The solid stress on the top surface was output and matched to

xperimental data via a Matlab function, which was written to it-

ratively reverse engineer appropriate parameters for this model

or each relaxation curve using a Nelder–Mead function. Hence

he stress relaxation curve for each experiment was used to itera-

ively determine a best fit line based on mechanical parameters of

he poroviscoelastic model, identifying the mechanical parameters

hich best described the behaviour of the tissue in each given ex-

eriment. The exponential strain dependent coefficient and expo-

ential stiffening coefficient were restricted from becoming nega-

ive, whilst the power law exponent ( α) was held at zero. Result-

ng best fit parameters were analysed using one way ANOVA with
ukey post-hoc analysis. Significance was set at p ≤ 0.05. The good-

ess of fit in the stress relaxation fit was assessed using a coeffi-

ient of determination as described by Soltz and Ateshian [32] : 

 

2 = 1 −
∑ 

( σ − σest ) 
2 

∑ 

( σ − σ̄ ) 
2 

here σ is the observed stress, σ est is the estimated variable from

he model and σ̄ is the mean value of σ , summed over all samples

ime steps. 

. Results 

Ten samples tested in each solution, with five from derived

rom the medial meniscus and five from the lateral meniscus, such

hat a single medial and lateral meniscus was tested in each so-

ution. Mean sample thickness was 5.19 + / − 0.18 mm (s.d.). Mean

tress relaxation curves are shown in Fig. 2 . Table 1 shows mean

alues for the parameters derived for each sample. There was a

ignificant difference ( p < 0.05) in the Young’s modulus, zero strain

ependent permeability and viscoelastic coefficient between sam-

les tested in deionised water/0.14 M PBS and those tested in 3 M

BS. The coefficients of determination in deionised water, 0.14 M

BS and 3 M PBS were 0.98, 0.97 and 0.75 respectively. Based on

he relative values of the Young’s modulus in 3 M PBS compared to

.14 M PBS, approximately 79% of the Young’s modulus of bovine

eniscus is attributable to ionic effects. 

. Discussion 

Ionic effects play a significant role in the mechanical stiffness of

eniscal tissue. Meniscal tissue is stiffest in 0.14 M PBS, the solu-

ion which most closely represents the physiological environment.

n 3 M PBS, the elimination of all ionic gradients leads to genera-

ion of a larger stress than observed in other solutions. Our results

how M or β to be close to zero in all solutions – this likely re-

ects the small magnitude of strain tested, which suggests the tis-

ue’s stiffness is likely constant in the region tested. The viscoelas-

ic coefficient ( γ ) was also found to be close to zero in 3 M PBS

endering the value of τ irrelevant. Notably, our results show that

issue permeability is higher in deionised water, where the effect

f mobile ions is negated, than in 0.14 M PBS. The reasons for this

re unclear and likely reflect an alteration in the complex inter-

elationship between the viscoelastic and poroelastic effects within

he tissue [33] . 

The coefficient of determination show an excellent fit for data

enerated in deionised water and 0.14 M. The 3 M data fits the

odel less well. Biphasic theory assumes tissue to be comprised of

wo phases – a viscoelastic, porous solid phase and a liquid phase

hich flows through the solid. If, as our work suggests, electri-

al charge plays a significant role in modulating the tissue’s stiff-

ess, then biphasic theory will not account for such effects. Tripha-

ic [34] or quadriphasic [35] theory may prove a better fit for

uch tissues, accounting not only for the solid and liquid phases in

he tissue, but also for the ionic charge within the tissue. However,

he increased number of variables in such models reduces confi-

ence in any variables generated through finite element models,

s there is an increased chance of multiple best fit solutions being

resent. 

Potential weaknesses of our work include that we obtained

amples from all meniscal regions, some authors have suggested

hat the mechanical properties of meniscal tissue may vary de-

endent on the region sampled [36] . We attempted to negate any

uch potential effect by testing a pair of medial/lateral menisci in

ach solution. We were also unable to test the tissue following a

old phase to allow equilibrium to be achieved due to persistent

welling of the tissue in deionised water at times up to 4 h – with
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Fig. 2. Mean stress relaxation curves [standard errors: 0.14 M PBS + / −0.143 N, deionised water + / −0.098 N, 3 M PBS + / −0.1045 N). 

Table 1 

Comparison of derived mechanical parameters across all three solutions. 

Mean values + / − s.d. 

Solution 

E (Young’s Modulus) 

(MPa) 

K 0 (zero strain dependent 

permeability) (x10 -15 

m 

4 /Ns) 

M (exponential strain 

dependent coefficient) 

β (exponential 

stiffening coefficient) 

γ (viscoelastic 

coefficient) 

τ (relaxation 

time)(secs) 

0.14 M PBS 0.42 + / −0.32 0.53 + / −0.39 0.0 0 + / −0.0 0 0.11 + / −0.19 0.55 + / −0.26 68.85 + / −24.39 

Deionised water 0.38 + / −0.23 0.89 + / −0.59 0.0 0 + / −0.0 0 0.0 0 + / −0.0 0 0.59 + / −0.18 52.30 + / −19.78 

3 M PBS 0.09 ∗+ / −0.11 0.06 ∗+ / −0.02 0.01 + / −0.03 0.27 + / −0.85 0.07 ∗+ / −0.00 –

∗p < 0.05 compared with 0.14% PBS/deionised water. 
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longer testing times resulting in poorer fit. However, Korhonen and

Jurvelin [19] suggest that in fact, the swelling of cartilage tissue in

this manner leads to alteration in the pre-tension of collagen fibrils

within the solid matrix, which itself may lead to a change in com-

pressive modulus. Our experimental technique negates any such

effects. We used fresh frozen tissue and although the literature

suggests that freezing meniscus does not alter its structure or pro-

teoglycan content, results obtained using fresh samples may differ

from our findings – though such an approach is logistically chal-

lenging. The effect of post-mortem time on samples is unknown,

though all samples were tested within 6 weeks of slaughter. The

post-mortem time was similar between groups such that any con-

founding effect of post-mortem time would exhibit itself across all

groups equally and would hence not affect experimental validity.

Finally, we have not assayed our tissues for proteoglycan content

and assume that these ionic effects are secondary to the effect of

proteoglycans in common with other connective tissues such as

cartilage and intervertebral disc. 

In conclusion, we demonstrate that ionic effects significantly in-

fluence the mechanical stiffness of the bovine meniscus, contribut-

ing to approximately 79% of the Young’s modulus measured in tis-

sue plugs. Although biphasic theory has been used to describe this

tissue in the literature, our work suggests that it is necessary to in-

clude the influence of ionic effects when developing mathematical

models of this tissue, particularly in situations where fluid flow or

localised strain is modelled. 
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