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v sliding velocity mm/s 
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when equilibrium was reached 
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1. Introduction 

The two menisci play a crucial role within the knee joint. As they have to withstand 

high loads not only during sports but also during activities of daily life, lesions of the 

medial meniscus are second ranked within the most frequent internal knee injuries, 

requiring a surgical intervention in 80% of the cases [1]. In 2017, a total of 216627 

surgical procedures were performed medicating either the articular cartilage or 

meniscus (statistisches Bundesamt, 2017) [2]. Depending on the localization and type 

of the tear, the meniscus is still frequently treated by resecting the injured tissue, 

although it has already been shown that total and also partial meniscectomy can lead 

to degeneration of the adjacent cartilage and osteoarthritis could be the 

consequence [3, 4]. Thus, there is an urgent need of alternative treatment strategies 

restoring and/or replacing the meniscus. However, only two research approaches for 

meniscal replacement got into clinical practice yet but without gaining widespread 

acceptance, as their biomechanical performance was insufficient and consequently, a 

successful long-term chondroprotection is still questionable.  

 

1.1. The knee joint  

The knee joint is anatomically and biomechanically the most complex synovial joint in 

the human musculoskeletal system. The anatomical arrangement of the bony 

structures femur, tibia, (fibula) and patella, and the surrounding soft tissue muscles, 

ligaments, articular cartilage and menisci are responsible for the physiological knee 

function (Figure 1). This arrangement allows movement over millions of load cycles 

during a whole life span, thereby accepting both, varying high loads and velocities [5]. 

Only during normal level walking, the double-peak loading regime of stance phase 

leads to a load transfer through the knee joint of up to three times body weight 

(BW) [5]. This inter alia requires efficient lubrication processes reducing friction 

between the articulating bony surfaces to keep the resultant wear to a minimum. 

Therefore, the ends of femur and tibia are covered with hyaline articular cartilage (AC) 

as a (bio-)bearing material [6, 7]. Additionally, to increase the contact area between the 

incongruent surfaces of femur and tibia and thus, reducing the contact pressure within 

the joint, the menisci, two semi-lunar and wedge-shaped fibrocartilaginous structures, 
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are located within the joint. Both cartilaginous tissues, articular cartilage and meniscus, 

mainly consist of water (70%-85%; fluid phase) and a solid phase, which is for each of 

the material a highly specialized extracellular matrix (ECM) [6]. While meniscus’ ECM 

consists of 15%-25% collagen type I and only 1%-2% proteoglycan (PG) (based on the 

wet weight) the main collagen type in articular cartilage is collagen type II in almost 

the same amount. Additionally, a fivefold higher PG content is found in the AC’s ECM [6, 

8]. This special biphasic ultrastructure and the resultant viscoelasticity of both 

materials are responsible for and simultaneously provide their functionality [6, 8-14]. 

 

The menisci and their role within the knee joint 

The main function of the menisci is to homogeneously distribute the contact loads over 

the tibiofemoral articulating surfaces. This crucial role is achieved by a synergy of the 

mentioned geometry and material properties but also by their anterior and posterior 

attachments to the tibia plateau. The axial loads, acting in the knee joint would lead to 

an extrusion of the wedge-shape menisci out of the joint space. However, as they are 

firmly attached to the tibial plateau, the axial compressive loads are transferred into 

circumferential tensile forces resisting the expansion and the loads are transferred to 

the meniscal insertions ligaments [9, 15]. The three-layered morphology of the menisci 

and the herein integrated special orientation of the collagen fibres directly relates to 

this function [8, 16]. In 1998, PETERSEN AND TILLMANN were the first researchers, who 

identified this structure using scanning electron microscopy [17]. They showed that 

the main portion of the collagen fibres is located within the central region, 

circumferentially orientated to withstand the mentioned tension forces. These collagen 

fibre bundles are additionally tied together by radial fibres, preventing longitudinal 

splitting of the meniscus. Directly above and below this main mid-layer, the collagen 

fibre bundles are lamellar showing a preferred radial direction but only in the external 

circumference of pars anterior and –posterior, whereas the tibial and femoral 

articulating surface is a superficial network of thin fibrils (Figure 1) [17].  

Furthermore, the menisci are involved in joint stabilisation, nutrient distribution and 

joint lubrication [6, 9, 10, 18, 19]. Whether they also contribute to shock absorption in 

the knee could still not be fully confirmed or refuted, yet [20].  
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Figure 1: The anatomical arrangement of the bony structures: femur, tibia, fibula and patella (not shown) 

and the surrounding soft tissue are responsible for the physiological function of the knee. Thereby, the two 

semi-lunar and wedge-shaped menisci with the three-layered morphology play an important role (detailed 

view.) 

 

Biomechanical material properties of the menisci 

Over the last few years, several studies characterised the biomechanical properties of 

native meniscal tissue using standardised test methods, as tensile- and/or 

compression test. The obtained results were not only used to better understand the 

general function of this tissue but also to define requirements for the development of 

meniscal replacement materials [21].  

Due to the mentioned inhomogeneous structural composition of the menisci, their 

biomechanical material properties differ between different regions of the meniscus, 

pars anterior, -intermedia and –posterior as well as between the different layers 

(anisotropy). Additionally, the side/compartment, from which the tested samples were 

harvested, medial or lateral meniscus and the testing procedure itself, play a role in the 

final evaluation of the biomechanical properties. 
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For example during tensile testing of standardised, dumbbell-shaped meniscal tissue 

samples, the main variations of the resulting elastic modulus were found in terms of 

the orientation of the collagen fibres [22-24]. Testing samples, which were harvested 

parallel to the circumferentially orientated collagen fibres, achieved a 10-fold higher 

elastic modulus in comparison to samples that where punched out parallel to the radial 

fibres. In detail, an elastic modulus up to 110 MPa was measured in circumferential 

direction, while in radial direction only approx. 10 MPa was reached. Since the main 

circumferentially orientated collagen fibres are located within the inner or central 

region, it is obvious that the tensile properties differ also within the three layers. 

Furthermore, TISSAKHT AND AHMED found elastic moduli of 120 MPa, 84 MPa and 

130 MPa, for the proximal, middle and distal region of the lateral meniscus, 

respectively [22]. Further, these values were less for the medial meniscus [22, 23]. In 

addition, the central region seemed to be the less stiff section of both, lateral and medial 

meniscus (76 MPa and 68 MPa, respectively).  

To determine the viscoelastic and, therefore time-depended, compressive properties 

of meniscal tissue, there are two quasi-static testing configurations feasible: 

compression creep and -relaxation test. While during creep testing the applied load is 

kept constant, a relaxation test includes a constant applied strain over the testing 

duration. Out of these tests, several characteristic parameters, such as hydraulic 

permeability and aggregate/equilibrium modulus Eeq can be determined. Comparable 

to tensile testing, differences in the material properties depending on the location or 

compartment were observed [25-28]. CHIA AND HULL assessed the highest equilibrium 

modulus with approx. 130 kPa in the pars anterior when applying a physiological 

constant axial strain of 12%, while for the posterior part the lowest value of just 30 kPa 

was found [26]. A similar tendency was found within an unconfined compression 

relaxation test when applying 20% strain for 4000 s. However, lower values for the 

medial meniscus were reached (pars anterior: 70 kPa, pars intermedia: 35 kPa and 

pars posterior: 20 kPa) [27]. Moreover, there is a dynamical approach, characterising 

the viscoelastic properties of meniscal tissue with more detail. During this so called 

dynamic mechanical analysis DMA, sinusoidal loads are applied to the samples over a 

defined frequency range [29]. Due to the viscoelasticity of the meniscus, the 

deformation of the tissue lags behind the load. Using the specific phase lag angle δ, the 

damping factor tan(δ) as well as the storage modulus E’ and the amount of energy, 
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which is dissipated by the viscous mechanisms, the loss modulus E’’, can be 

determined [27, 29, 30]. Using this method, it could be shown that the anterior part of 

the meniscus has significantly higher damping properties (tan(δ): 0.20 and 0.18 for 

0.1 Hz and 10 Hz, respectively) than the mid body or pars posterior (tan(δ): approx. 

0.17-0.16 and tan(δ): 0.15, respectively) [30]. However, in meniscus samples the 

viscous portion of the energy loss was generally smaller than the elastic portion, 

resulting in a lower loss modulus [27, 30]. For a physiological loading frequency of 

1 Hz, the mid body of the medial meniscus showed an overall storage modulus E’ of 

approx. 0.8 MPa and a loss modulus E’’ of approx. 0.09 MPa [27, 30]. 

To complete not only the biomechanical characterisation of the native meniscus but 

also the list of requirements for a well-functioning replacement material, the friction 

properties are also of great importance. Friction in general is defined as the resistance 

of motion between two surfaces that are in contact. Using Coulomb’s friction law, 

several studies investigated the frictional behaviour of both articular cartilage and 

meniscus using standardised test setups, like pin-on-plate or pin-on-disc 

configurations. Here, a remarkably low friction coefficient µ being partly less than 0.01 

was demonstrated [12, 31-34]. However, as both tissues are biphasic materials, µ 

turned out to be multifactorial depending on different parameters and operating 

conditions, like time, lubricant, applied load/strain, rather than being just a material 

constant [31, 32, 34-36].  
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1.2.  Clinical situation 

Lesions of the medial meniscus are the second ranked injury within the knee joint, 

requiring a surgical intervention in 80% of these cases [1]. In 2014, more than 

43’000 patients suffered from a meniscal tear [gbe-bund.de]. In general, meniscal tears 

can be classified according to their proximate cause – as a result of a traumatic injury 

or due to degenerative changes in the meniscus morphology. A traumatically induced 

lesion is mostly caused by sports activities, e.g. football, basketball or skiing, where the 

loaded and slightly flexed knee joint experiences considerable tibial rotation and varus 

or valgus moments. Here, the medial meniscus is more predisposed to injuries, as it is 

less flexible within the joint than the lateral meniscus. The pattern of the lesion is 

rather a vertical-longitudinal tear, which can also result in a bucket-handle tear [37]. 

Degenerated lesions of the meniscus however, are often horizontally or more complex, 

being located in several planes, like a flap tear. 

In general, it is preferred to preserve the meniscus if clinically possible. However, 

depending on the localisation (vascular or avascular zone) and size of the lesion, it has 

to be treated surgically by resecting the injured meniscal tissue. Although, such partial 

meniscectomy is directly related to pain relief [38, 39], it was shown that this 

treatment strategy leads to degenerative changes to the adjacent articulating cartilage 

[3, 4, 38, 40-42]. As a part of the meniscal tissue is removed, the contact area is reduced 

and consequently the contact pressure is increased, resulting in an impaired load 

transmission within the knee joint and osteoarthritis can be the consequence [43]. 

Thus, there is an enhanced awareness developing new techniques and/or methods to 

preserve or replace meniscal tissue. 

As the indications for meniscal repair by suturing technique are limited to tears located 

in the vascular region, replacement materials are alternative treatment strategies. Goal 

of such (partial) meniscal replacement is to restore the meniscal function to finally 

prevent degenerative changes of the surrounding articular cartilage. Therefore, 

different approaches are available, which in general can be divided into resorbable and 

non-resorbable strategies. Nevertheless, up to now only two alloplastic but 

regenerative scaffolds (CMI®, Collagen Meniscus Implant, Ivy Sports Medicine, 

Germany and Actifit®, Orteq Ltd., UK) for partial meniscal replacement are clinically 

available. Both porous scaffolds should promote the formation of new meniscus-like 
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tissue of comparable shape and functionality. However, none gained widespread 

adoption, as their ability to protect the underlying articular cartilage remains 

unclear [21]. One reason for that might be the significantly different 

mechanical/viscoelastic properties of both replacement materials in comparison to 

native human meniscal tissue [44]. To develop materials that successfully replace an 

injured meniscus, different requirements were postulated (Table 1) [21, 45]. Next to 

the fundamental material properties, like a comparable shape, biocompatibility, and 

especially important for tissue engineering approaches: (bio-)stability and 

biodegradability, it was stated that the biomechanical properties should mimic that of 

the native meniscus as close as possible. Thereby, the main function of the menisci – to 

transmit and distribute loads over the articulating surfaces of femur and tibia and thus 

reducing peak stresses – should be accomplished already in the initial phase after 

implantation. Additionally, the friction properties should be in the range of that for 

native meniscal tissue, whereby the friction coefficient µ should finally not exceed 

0.05 [21, 45]. Furthermore, especially regarding resorbable scaffolds, the material 

should promote cell adhesion, differentiation, vascularisation and matrix deposition. 

Therefore, the “framework” should be a porous structure with total porosity > 70%, 

consisting of both large macro-pores with a diameter between 200 µm – 300 µm highly 

interconnected via micro-pores (Ø = 10 µm – 50 µm) [21, 45].  

Among different research approaches regarding non-resorbable materials for meniscal 

replacement [46-50], a silk fibroin scaffold (FibroFix™ Meniscus) for partial meniscal 

replacement was developed and manufactured by Orthox Ltd., UK. It is made from 

commercially obtained raw silk fibres from the silk worm (Bombyx mori, Silk 

Opportunities Ltd., Volketswil, Switzerland). After extracting the fibroin from the silk 

fibres, it was subsequently dissolved and the resulting solution is brought into a macro-

porous internal structure [51]. Within a previous in vivo animal study, a first version of 

the silk fibroin scaffold showed an evidence of a chondroprotective effect as well as 

compression properties comparable to the native meniscal tissue after 6-month 

implantation [52, 53]. However, as the fixation and integration of the scaffold into the 

host meniscal tissue was insufficient, the material was subjected to an optimisation 

process and an orthogonal arranged silk fibre mesh was integrated into the porous 

matrix to improve anchoring of the fixation sutures. To bring this scaffold for 
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permanent meniscal repair successfully into clinics, it is indeed of major importance to 

previously characterise the biomechanical, material properties. 

Table 1: Summarised overview of the basic requirements for meniscal replacement materials postulated by 

STONE and further elaborated by RONGEN ET AL. [21, 45]. 

 

Basic material requirements for meniscal substitutes: 

Fundamental properties 

o comparable shape and size (± 10%) to native meniscus; most 

preferable: patient individual  

o non-cytotoxic  

o non-carcinogenic 

o promote cell adhesion and -proliferation 

(Initial) mechanical properties 

“mimic the biomechanical properties of native meniscal tissue as close as possible” 

o compressive modulus: 75 kPa – 150 kPa 

o tensile modulus: 75 MPa – 150 MPa 

Tribological properties 

“mimic the biomechanical properties of native meniscal tissue as close as possible” 

o friction coefficient µ≤ 0.05 

Structural composition 

o porous structure  

o large macro-pores (200 µm – 300 µm) interconnected with 

smaller micro-pores (10 µm – 50 µm)  

o total porosity ≥ 70% 

o high interconnectivity 

o anisotropic architecture 

Resorbable materials 

o adequate degradation profile 

o surface degradation profile (with decreasing size and mass in 

time but no change in molecular weight or mechanical 

properties) more preferable than bulk degradation profile 

o duration: at least 12 months 
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1.3.  Aim of the work 

Although, it has been shown that even only partial meniscectomy is associated with 

degenerative changes of the adjacent articular cartilage and therefore osteoarthritis 

could be a consequence, it is still the gold standard therapy to treat different forms of 

an injured meniscus. Therefore, there is an increased need of new treatment strategies 

that successfully replace and restore the resected meniscus to finally prevent the 

formation of OA in the long-term. Over the last years, different research approaches 

were developed [21, 46-50, 54-57]. Since only two of them (CMI® and Actifit®) were 

brought into clinics but without the expected success, guidelines to successfully 

develop a replacement material were meanwhile postulated [21, 45]. Here, it was 

stated that the biomechanical properties of a potential replacement material should 

mimic that of the native meniscus as close as possible [21, 45].  

Having these requirements in mind, the first experimental study of the work at hand 

was conducted to biomechanically evaluate the second generation of the mentioned 

silk fibroin scaffold for partial meniscal replacement [51]. Within an earlier animal 

study, it already displayed promising results regarding cartilage protection in 

comparison to a partial meniscectomy after six month of implantation. However, as its 

fixation to the meniscal host tissue was insufficient, the scaffold was subjected to an 

optimisation process and a fibre layer was integrated into the porous matrix. Using flat 

sheets manufactured of the optimised silk fibroin, which was materially and 

structurally identical to the corresponding meniscus implants (FibroFix™ Meniscus, 

ORTH REP M081), the aim of the study was to answer the question:  

1. Does the silk fibroin scaffold biomechanically meet the postulated requirements for 

meniscal replacement? 

One result of this study was that the silk fibroin scaffold showed mechanical 

competence, which is of course important for a replacement material to support and 

therefore, to distribute loads over the articulating surface [51]. However, it is obvious 

that additionally good friction and lubrication properties, which are comparable to that 

of the native meniscal tissue, are desirable for a well-functioning replacement material, 

as well. Therefore, a further friction study was designed to investigate the question: 

2. Does the silk fibroin scaffold exhibit friction properties comparable to that of the 

native menisci? 
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Within the first friction study, constant testing parameters were used to evaluate the 

friction properties of the silk fibroin scaffold [34]. However, within the knee joint the 

loading and motion conditions vary considerably during physiological activities, like 

normal walking. Consequently, the following question arises:  

3. How is friction within the knee joint and especially of the artificial material for 

meniscal replacement affected by the varying testing conditions physiologically 

acting during gait? 

To answer this question, a second friction study was conceived to investigate the 

frictional behaviour of the silk fibroin scaffold in comparison to the physiologically 

articulating surfaces within the knee joint – meniscus and articular cartilage – under 

testing conditions characteristically occurring in the knee during walking [58].  
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2. Biomechanical Characterisation of a Potential 

Material for Meniscal Repair 

 

WARNECKE D, STEIN S, HAFFNER-LUNTZER M, DE ROY L, SKAER N, WALKER R, KESSLER O, 

IGNATIUS A, DÜRSELEN L. Biomechanical, Structural and Biological Characterisation of a 

New Silk Fibroin Scaffold for Meniscal Repair. J Mech Behav Biomed Mater 86 (2018) 

314-324. [51] 

 

Meniscal injuries, especially irreparable lesions of the avascular, white-white region of 

the meniscus still require a partial or a total meniscectomy. As it has already been 

shown that removing meniscal tissue leads to an increased contact pressure and 

therefore, to cartilage degeneration, research mainly focused on meniscal preservation 

and/or replacement strategies. The menisci within the knee joint are of multifunctional 

nature, which is achieved by a synergy of their special geometry, unique material 

properties as well as their anterior and posterior attachments to the tibial plateau. 

Consequently, it is obvious that successfully replacing an injured meniscus and thus 

preventing early osteoarthritis, requires not only a simple “framework” but it also has 

to take up the versatile biomechanical functionality of native meniscus. Therefore, 

STONE once postulated basic requirements for meniscal replacement materials, which 

were almost 20 years later further elaborated by RONGEN ET AL. [21, 45]. Here, it was 

stated that especially the biomechanical properties like transmitting and distributing 

loads over the articulating surfaces and thus, reducing peak stresses, have to be 

fulfilled already in the initial phase after implantation [21]. Until now, only two 

research approaches were transferred into clinical use, which are, however, not widely 

accepted. Within preclinical in vitro studies, it was additionally shown that both 

artificial replacement concepts could not met the requirements, displaying 

significantly different viscoelastic properties compared to human meniscal tissue [44].  

A non-resorbable silk fibroin scaffold for partial meniscal replacement already showed 

compressive properties comparable to ovine meniscal tissue as well as evidence of a 

chondroprotective effect after 6-month implantation in a sheep model [52, 53]. 

However, due to an insufficient fixation and integration into the adjacent meniscal host 

tissue, the scaffold was exposed to an optimisation process including the integration of 
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a silk fibre mesh into the porous matrix. To answer the question “Does the silk fibroin 

scaffold biomechanically meet the postulated requirements for meniscal replacement?” 

the silk fibroin scaffold was characterised in terms of its biomechanical properties as 

well as its structural composition. Therefore, several quasi-static tests as well as a 

dynamic compression test were performed on scaffold samples with standardised 

geometry. These flat samples were materially and structural identical to meniscus 

shaped implants (Figure 2, A). The study comprised testing procedures including 

tensile, indentation, unconfined compression relaxation and creep as well as a dynamic 

mechanical analysis to characterise the viscous and elastic properties in detail.  

During tensile testing, the ultimate tensile force Fmax of 51.0 N ± 16.1 N as well as the 

linear elastic modulus E with an average of 5.4 MPa ± 1.5 MPa of dumbbell-shaped 

samples of the silk fibroin scaffold were assessed. To the best of our knowledge, the 

current study was the first one determining the tensile properties of a potential 

meniscal replacement material using samples of standardised geometry. Nevertheless, 

when comparing these results with meniscus tissue it is obvious that the obtained 

tensile elastic modulus was much lower. However, the silk fibroin scaffold is designed 

to address partial meniscal replacement, where the outer meniscal rim of the native 

tissue with the circumferential collagen fibres is still maintained. Therefore, the 

functionality transferring axial compressive loads into circumferential tensile loads 

could still be provided. Nevertheless, to improve the tensile properties of the scaffold, 

the arrangement of the integrated fibre mesh could be adapted to the circumferential 

arrangement of the native meniscus’ collagen fibres.  

As the silk fibroin scaffold should be used for partial meniscal replacement, it is 

consequently more exposed to compressive rather than tensile loads. Therefore, 

several quasi-static but also dynamic compression tests were performed. Among those, 

a cyclic indentation test according to SANDMANN ET AL. was included [44]. Here, five load 

cycles up to 7 N were applied to the scaffold, whereas a full load cycles additionally 

included a relaxation time of 60 s directly after the load application, followed by a load-

release to 0.1 N and another 60 s recovery phase. This test setup was first conducted 

by SANDMANN ET AL. the only study evaluating the viscoelastic properties of the two 

clinically available meniscal implants CMI® and ActiFit® in comparison with meniscal 

tissue of different species [44]. The silk fibroin scaffold reached a fifth cycle stiffness of 

an average of 24.7 N/mm, which was significantly higher than in the first cycle (approx. 



Biomechanical Characterisation of a Potential Material for Meniscal Repair | 

 

13 

18 N/mm; paired Student’s t-test, p < 0.0001 with a two-tailed p-value). Comparing 

these results with the results of SANDMANN’s study, the scaffold tested in the current 

study was not only significantly stiffer than the two artificial materials CMI® and 

Actifit® but also in comparison to human meniscal tissue (p < 0.05, one-way analysis 

of variances (ANOVA) with Bonferroni’s multiple comparison test). Nevertheless, the 

averaged fifth cycle stiffness displayed a value, which was more closely to that of 

human meniscal tissue than the other two scaffolds. Consequently, the silk fibroin 

scaffold showed an initial compressive competence as required by RONGEN ET AL. and 

STONE unlike the CMI® and Actifit® [21, 44, 45]. 

This increased stiffness compared to human meniscal tissue was also confirmed within 

both unconfined compression configurations – relaxation and creep. In each of the tests 

the equilibrium modulus was significantly different from human meniscal tissue, 

previously tested in comparable test setups. As the scaffold additionally showed a 

higher stiffness in comparison to the prior version [52], it is likely that the integration 

of the new fibre component during the optimisation process was responsible for this 

change in the material stiffness. However, this discrepancy regarding material 

properties could potentially prevent the permanent integration into the meniscal host 

tissue as a too stiff material may impede tissue ingrowth [21] and could damage the 

underlying articular cartilage [59].  

During the dynamic mechanical analysis (DMA), the storage modulus E’ of the scaffold 

material only slightly increased from approx. 1.2 MPa to 1.4 MPa with increasing 

testing frequency of 0.1 Hz to 10 Hz, respectively. A comparable tendency with values 

within the range of the silk fibroin scaffold were also found by PEREIRA ET AL., 

investigating the dynamic compressive properties of fresh frozen human menisci [30]. 

Nevertheless, the DMA showed that the scaffold had a slightly higher capability to 

dissipate energy than human meniscal tissue, also indicated by a higher loss modulus. 

Consequently, the scaffold’s elastic properties were more present than its viscous 

character.  

To complete the material characterisation of the silk fibroin scaffold, the structural 

composition as well as the architecture were also determined using micro computed 

tomography (µ-CT) (Figure 2, B). The µ-CT analysis revealed a mean total porosity of 

~ 80% with a mean pore size of approx. 216 µm. Both results meet the basic 

requirements for meniscal replacement materials [21]. However, adjusting these 
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parameters with respect to the distribution of pore sizes and wall thickness could be 

an opportunity to reduce the material’s stiffness resembling especially the 

compressive properties of human menisci. Nevertheless, it will always be a big 

challenge mimicking the characteristic anisotropy and inhomogeneity of the native 

meniscal tissue using an artificial material. This is even more complicated in case of 

partial meniscal replacement, as the required high mechanical competence already 

before implantation combined with a high flexibility allowing for adaption to the 

complex movement of the femoral condyle as well as the meniscal host tissue, ensuring 

successful implant integration. 

A  B  

Figure 2: Macroscopic view of a cylindrical sample of the silk fibroin scaffold punched out of a scaffold’s 

flat sheet manufactured by Orthox Ltd. (A). During µ-CT analysis the structural composition and 

architecture was additionally determined to complete the biomechanical characterisation of the 

scaffold (B). Modified figure from [51] with Creative Commons Attribution License 4.0 International (CC BY 4.0, 

http://creativecommons.org/licenses/by/4.0/).  

  

http://creativecommons.org/licenses/by/4.0/
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3. Friction Properties of a Silk Fibroin Scaffold in 

Comparison to the Physiology 

 

WARNECKE D, SCHILD NB, KLOSE S, JOOS H, BRENNER RE, KESSLER O, SKAER N, WALKER R, 

FREUTEL M, IGNATIUS A, DÜRSELEN L. Friction properties of a new silk fibroin scaffold for 

meniscal replacement. Tribol Int 109 (2017) 586-92. [34] 

 

In a healthy knee joint, the menisci protect the articular cartilage by reducing the 

contact pressure [9, 18]. Consequently, if an injured meniscus is even partially 

resected, the resultant reduced contact area leads to an increased contact pressure [3, 

4, 40]. Furthermore, meniscal resection additionally increases the friction within the 

joint [33] and MCCANN ET AL. identified the formation of cartilage fibrillation and signs 

of wear instantaneously after removing meniscal tissue [33]. Therefore, new 

approaches for meniscal replacement should not only consider mimicking the 

biomechanical properties of the native meniscus but also the remarkably low friction 

properties as close as possible [21, 45]. Consequently, the frictional behaviour is of 

major importance to maintain the chondroprotective function of meniscal implants, as 

high friction coefficients might lead to cartilage wear. 

Several studies investigating the friction properties of articular cartilage and meniscal 

tissue have already shown that the friction coefficient of these tissues is rather a 

multifactorial parameter than just a material property as it depends on a variety of 

testing parameters [6, 7, 31, 35, 36, 60]. The opposing surface for instance has a major 

effect on the friction coefficient. In most cartilage friction studies, glass was typically 

used as it provides a counter surface of reproducible smooth properties [12, 31, 61, 

62]. Nevertheless, the resulting friction coefficient might be debatable as the 

characteristic biphasic material properties of cartilaginous tissues are missing. 

The aim of the current study was to evaluate the friction properties of the mentioned 

silk fibroin scaffold. Based on the promising results of the prior in vivo study and of a 

study by PARKES ET AL., where a silk fibroin hydrogel for cartilage repair showed a 

cartilage-like friction response [63], we attributed (1) the silk fibroin scaffold to have 

friction properties comparable to the physiologically articulating surfaces in the knee 

joint – meniscus and articular cartilage. Additionally, in terms of glass as a 
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homogeneous and even opposing surface, we further hypothesised (2) that its use 

leads to higher friction coefficients not only for AC but also for meniscus and its 

possible replacement material. Therefore, cylindrical samples (pin, Ø = 6 mm) were 

retrieved from the medial meniscus (M) and the tibial plateau (TC) of 6 bovine knee 

joints as well as from flat sheets of the silk fibroin scaffold (S, n = 6) (Figure 3). 

Afterwards, they were tested against the plate: a flat cartilage sample harvested from 

each of the medial femoral condyles and a smooth glass slide (VWR* Plain Micro Slides, 

VWR International GmbH, Germany), respectively. For standardised testing, a pin-on-

plate friction-testing device was designed applying a constant load (FN = 14,6 N) to the 

pin resulting in a moderate physiological contact pressure in quadrupeds of 

0.5 MPa [64] while the plate slid cyclically against it (stroke length s = ± 15 mm, sliding 

velocity: v = 1mm/s) for 250 cycles. Bovine synovial fluid was used as a lubricant. For 

friction analysis, the friction coefficient was determined at the beginning of the 

experiment (µ0) as well as at the end of the testing duration, when equilibrium was 

reached (µeq). Additionally, the strains of the cylindrical samples were evaluated at 

both time points (ε0 and εeq, respectively) by dividing the deformation recorded by a 

laser distance sensor by the initial samples height h0.  

 

A B 

Figure 3: Six cylindrical samples each from the medial meniscus (M), the tibial plateau (TC) of bovine knee 

joints or from flat sheets of the silk fibroin scaffold (S) were harvested (A) and tested against either a flat 

cartilage (FC) sample or against glass (G) using a customised pin-on-plate friction testing device (B). 

Modified figure from [34] with Creative Commons Attribution License 4.0 International (CC BY 4.0, 

http://creativecommons.org/licenses/by/4.0/).  

  

http://creativecommons.org/licenses/by/4.0/
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The current study is the first one evaluating the friction properties of a silk fibroin 

scaffold as a possible new material for partial meniscal replacement. The scaffold 

reached a friction coefficient, when testing against articular cartilage, of 0.056 ± 0.012, 

which was significantly higher than both meniscus and tibial cartilage each against 

cartilage (µeq = 0.021 ± 0.006 and µeq = 0.014 ± 0.007, respectively) (Figure 4, A). 

Consequently, the first postulated hypothesis was refused. Nevertheless, the friction 

coefficient after >2h of testing was still within the range of the basic requirements for 

meniscal replacement materials, further elaborated by RONGEN ET AL. [21]. However, 

testing against glass, which was typically done in most previous friction studies [12, 

31, 61, 62], led to significantly higher friction coefficients for all three cylindrical 

samples (M: µeq = 0.100 ± 0.058, TC: µeq = 0.215 ± 0.065 and S: µeq = 0.446 ± 0.047) 

than testing against articular cartilage, thereby confirming the second hypothesis 

(Figure 4, B). Thus, it is obvious that the use of glass as an opposing surface might be 

useful to perform comparative studies on different biomaterials but did not reveal 

physiological relevant friction coefficients for joints. This additionally should be taken 

into account especially when testing new implant materials regarding their long-term 

chondroprotective function. As these results still fit quite well to the mentioned 

previous studies [12, 31, 61, 62], it emphasises the validity of the friction testing device 

and therefore of the results of the current study.  
 

A 

 

  
 

B 

Figure 4: Although the friction coefficient of the silk fibroin scaffold was significantly higher than the 

physiologically articulating surfaces within the knee joint: meniscus and cartilage, µ was still within the 

range of the requirements for materials for meniscal repair [21], when testing against the flat cartilage 

sample (A). Using glass as opposing surface always leads to significantly higher friction coefficients than 

using cartilage (B); *p ≤ 0.05 using one-factor ANOVA with uncorrected Post-Hoc Fisher’s LSD test (A) and 

two-factor ANOVA with repeated measures (B). Modified figure from [34] with Creative Commons Attribution 

License 4.0 International (CC BY 4.0, http://creativecommons.org/licenses/by/4.0/).  

http://creativecommons.org/licenses/by/4.0/
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Additionally, all cylindrical samples showed an increase in their strain values over time 

until an equilibrium was reached. This was true for both opposing surfaces 

demonstrating a typical behaviour for biphasic materials in an unconfined creep 

configuration. When a biphasic material like articular cartilage or meniscus is loaded 

over a period of time, the applied load is only initially supported by the fluid phase. 

During the creep process a continuous load transfer from the fluid to the solid phase 

occurs, whereas after equilibrium was reached the applied load is completely carried 

by the solid phase [6]. Assuming that the tissue that bears the load is also responsible 

for the friction, it becomes clear that the friction coefficient for all cylindrical samples 

only increases with time when testing against glass, whereas using cartilage as 

opposing surface, µ stayed at a constant low level. This is most likely attributable to the 

lack of pressurisation of the interstitial fluid in non-biological materials [61]. 

Therefore, testing against glass leads to a decrease of the fluid load support from 

almost 100% at the onset to almost 0% when equilibrium was reached [12, 13, 32, 61, 

65]. While using cartilage, the fluid load support remained at a high level of > 80% and 

consequently it was always the fluid phase that supported the applied load [65]. As the 

plate slid cyclically against the loaded pin, the cartilage was just alternately loaded. This 

enables the different regions of the cartilage to recover before the pin is going to load 

this region again, leading to a constant low friction coefficient.  

Regarding the second research question if “the silk fibroin scaffold exhibits friction 

properties comparable to that of the native menisci”, the current study showed that even 

if the friction coefficient of the scaffold is significantly higher in comparison to native 

meniscal tissue, it is still within the range of the basic requirements for meniscal 

substitutes [21]. Whether this enables also an in vivo long-term chondroprotective 

function of the scaffold has to be proven within an additional animal study. 
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4. Friction analysis under simulated physiological 

loading and motion conditions  

 

WARNECKE D, MEßEMER M, DE ROY L, STEIN S, GENTELINI C, WALKER R, SKAER N, IGNATIUS A, 

DÜRSELEN L. Articular cartilage and meniscus reveal higher friction in swing phase than 

in stance phase under dynamic gait conditions. Sci Rep 9 (2019) 5785. [58]  

 

Within the knee joint, the (axial) loading and motion conditions vary considerably 

during activities of daily life [5]. During one walking-gait cycle, which can be divided 

into a stance- (60%) and a swing phase (40%), the tibiofemoral contact forces rise up 

to 2-3 times body weight during stance phase while during the low-loaded swing phase 

the velocities are highest [5, 7, 66-68]. Nevertheless, most previous friction studies 

investigated the friction properties of articular cartilage and meniscus under constant 

axial loading conditions and sliding velocities and therefore, neglected these variations. 

Out of these, several tribological theories were postulated based on the three 

lubrication modes: boundary-, mixed- and fluid lubrication to describe the extremely 

low but complex friction properties of both cartilaginous tissues [7, 60, 69-73]. 

Consequently, the question arises how these dynamic conditions affect the friction 

within the knee joint and especially of the mentioned silk fibroin scaffold as potential 

meniscal replacement material. To answer this question a new dynamic friction testing 

device was developed in a pin-on-plate configuration. Its centrepiece was a dynamic 

materials testing machine (ElectroForce® 5500, BOSE/TA Instruments, USA), which 

was equipped with a linear motor (VT-75, PI miCos, Germany) mounted on a 

customized aluminium frame (Figure 5). Using the mentioned testing device it was 

possible to investigate the friction properties under defined but more physiological 

testing conditions, as the dynamic normal forces, which are typically acting in the knee 

joint during gait, were applied to cylindrical samples (pin) of the silk fibroin scaffold, 

meniscus or articular cartilage. Synchronously, a flat cartilage sample (plate) slid 

against it with varying velocities derived from stance- and swing phase of a human gait 

cycle. 
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Figure 5: The dynamic friction testing device was developed to investigate the friction properties under 

defined testing conditions occurring during gait. It basically consists of a dynamic materials testing 

machine (ElectroForce® 5500, BOSE/TA Instruments, USA), which was equipped with a linear motor 

mounted on a customized aluminium frame (detailed view). Modified figure from [58] with Creative Commons 

Attribution License 4.0 International (CC BY 4.0, http://creativecommons.org/licenses/by/4.0/).  

 

As this was the first study synchronously varying axial load as well as sliding velocity, 

the study comprised three test scenarios: Friction Test-I; -II and –III. Thereby in FT-I 

and –II only one testing parameter was modified, normal load FN or velocity v: FT-I: 

FN = const., v according to a gait cycle; FT-II: FN according to a gait cycle, 

v = const. = 1mm/s, whereas in FT-III both loading and motion conditions (FN and s, 

respectively) varied according to a gait cycle (Table 2). 

Both native forms of cartilaginous tissues showed higher friction coefficients during 

the low-loaded swing phase than during stance phase when testing under the most 

physiological testing conditions (FT-III, meniscus: µ(stance phase) ≅ 0.015, 

µ(swing phase) ≅ 0.03 and cartilage: µ(stance phase) ≅ 0.02, µ(swing phase) ≅ 0.03; 

Figure 6, A and B). This is in line with the literature, where KRISHNAN ET AL. showed an 

increased friction coefficient when testing articular cartilage against glass during low-

loaded phases [74]. A reason for that might the simultaneously detectable negative 

values of the fluid load support, leading to the assumption that suction might occur 

when the load changes to a lower level [74]. 

  

http://creativecommons.org/licenses/by/4.0/
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Table 2: Tabular overview of the three friction test scenarios (FT-I, -II and –III) and the corresponding 

application of the testing parameters: normal load FN and motion (motor position s in mm). Modified table 

from [58] with Creative Commons Attribution License 4.0 International (CC BY 4.0, 

http://creativecommons.org/licenses/by/4.0/).  

 normal load FN (motor) position s 

FT-I 

  

FT-II 

 

sliding velocity: 

𝑣 = 𝑐𝑜𝑛𝑠𝑡. = 1
mm

s
 

FT-III 

  

 

Testing the silk fibroin scaffold, this phenomenon could also be observed during FT-II, 

when only varying the normal load, but resulting in higher friction coefficients (FT-II 

averaged stance phase: µ = 0.069 ± 0.011 and swing phase: µ = 0.107 ± 0.021) in 

comparison to FT-I and –III (0.038 ± 0.009 and 0.047 ± 0.020, respectively; Figure 6, 

C). Nevertheless, the scaffold revealed friction coefficients comparable to that of the 

first friction study and consequently met again the basic requirements for a meniscal 

replacement material in terms of the friction coefficient even when testing under the 

most physiological testing conditions (FT-III) [21, 34]. 

  

http://creativecommons.org/licenses/by/4.0/
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tibial vs.  

femoral cartilage 

meniscus vs. 

femoral cartilage 

scaffold vs. 

femoral cartilage 

A B C 

Figure 6: Comparison of the friction coefficients µ obtained for each material pairing: tibial cartilage (A), 

meniscus (B) and the silk fibroin scaffold (C) each against femoral cartilage within the three different 

friction test scenarios (n = 8-10, mean ± standard deviation and raw data; 〇  FT-I, * FT-II, ●  FT-III), 

*p ≤ 0.05. Modified figure from [58] with Creative Commons Attribution License 4.0 International (CC BY 4.0, 

http://creativecommons.org/licenses/by/4.0/).  

 

Next to the soaking effect and the resultant rise in the friction, it is also known that a 

consistent fluid film is formed during swing phase that additionally can maintained 

throughout the entire gait cycle [7, 66]. This fluid film in connection with the different 

loads and velocities during a gait cycle, lead to the assumption that the already 

postulated lubrication modes, especially hydro- and elasto-hydrodynamic lubrication 

synergistically contribute to the remarkably low friction properties of the 

physiologically articulating surfaces in the knee joint [7, 75]. Although, friction testing 

under static testing conditions and defined lubrication regimes might be important, the 

current study showed that testing under physiological testing conditions revealed 

higher friction coefficients, especially during the low-loaded swing phase. 

Consequently, this leads to the assumption that static friction tests can underestimate 

friction coefficients rather than reflecting the complex in vivo behaviour, which 

especially might be important for potential replacement materials. 

  

http://creativecommons.org/licenses/by/4.0/
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5. Conclusion 

The menisci play a decisive role within the knee joint, as they protect the underlying 

articular cartilage by reducing the contact pressure. This function is accomplished by 

a synergy of the characteristic geometry and special viscoelastic and anisotropic 

material properties. Nevertheless, (partial) meniscal resection is still the gold standard 

therapy for meniscal lesions in the avascular region, even if it is already known that 

this can finally precipitate the formation of osteoarthritis. Therefore, over the last years 

research has focused on alternative treatment strategies to repair and/or restore the 

meniscal tissue. However, only two artificial devices for partial meniscal replacement 

were brought into clinics so far but without widespread acceptance among the 

surgeons. A reason for that might be that their long-term chondroprotective function 

could not be fully proven, yet. Significant differences in their biomechanical properties 

in comparison to native meniscal tissue might be the reason. As a guideline for the 

development of adequate materials for meniscal repair, basic requirements have 

already been postulated providing fundamental material properties, like 

biocompatibility, as well as key data for the biomechanical competence and friction 

properties. Based on these specifications, a redesign of a non-resorbable silk fibroin 

scaffold for partial meniscal replacement was characterised within three experimental 

in vitro studies with regard to the biomechanical as well as structural (1) and its friction 

properties (2), always in comparison with meniscal tissue. Finally, the investigation of 

the scaffold’s friction properties was enlarged by using simulated physiological testing 

conditions (3) as they typically occur within the knee joint during gait. 

The present work depicts the first comprehensive material characterisation of a 

prospective meniscus replacement material. Thereby, not only quasi-static but also 

dynamic and therefore, more physiological testing procedures were chosen to 

investigate the silk fibroin scaffold for its crucial role within the knee joint. The 

resultant material properties were then compared to the basic requirements for 

meniscal replacement materials as well as to native meniscal tissue. Although the 

examined scaffold material showed properties partially within the range of the basic 

requirements for meniscal replacement materials, the data however, were always 

exceeding the remarkable meniscus material properties. Consequently, further 

material improvements especially regarding its compressibility are necessary to 
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promote tissue regeneration and simultaneously prevent potential cartilage 

destruction underneath the scaffold in vivo. Furthermore, the reduction in compressive 

stiffness may also improve the friction properties, since the silk fibroin scaffold can 

assimilate the movements of femur and tibia within the knee joint more closely. Even 

if the scaffold is currently not yet suitable for clinical use, the findings of the work at 

hand are important to initiate optimisation procedures to achieve the main goal of 

replicating the remarkable material properties of native meniscal tissue as closely as 

possible. Imitating its characteristic inhomogeneity and anisotropy as well as the high 

stiffness and flexibility at the same time, additionally impede a successful meniscal 

replacement. Furthermore, it was constituted that developing an adequate material, 

especially for partial meniscal replacement, would always be a big challenge as there 

would always be a mismatch in the material’s stiffness between the artificial material 

and the meniscal host tissue. 
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6. Abstract 

Among different research approaches to replace an injured meniscus, a silk fibroin 

scaffold for partial meniscal replacement has been introduced showing promising 

results in terms of biocompatibility and chondroprotection experimentally in vivo. 

Basic requirements for meniscal replacement have previously been postulated, stating 

that a replacement material should resemble the biomechanical properties of the 

native meniscus as close as possible. Based on these specifications, the present study 

biomechanically characterised a materially optimised version of the mentioned silk 

fibroin scaffold.  

A first in vitro study comprised the comprehensive evaluation of the biomechanical 

material properties as well as the structural composition of the scaffold to address the 

question: “Does the silk fibroin scaffold biomechanically meet the postulated 

requirements for meniscal replacement?” Comparing the obtained results to the 

material properties of the postulated requirements as well as of native meniscal tissue, 

it could be shown that the silk fibroin scaffold displayed an adequate mechanical 

competence, which is important to distribute loads over the articulating surfaces 

already in the initial phase after implantation. However, the achieved compressive 

stiffness was in excess of native meniscal tissue, which may impede tissue ingrowth 

and can additionally cause damage of the underlying cartilage in vivo. A new fibre mesh, 

which was integrated into the porous matrix during the material optimisation process 

in order to enhance surgical fixation in vivo, could have led to this increased stiffness. 

However, this new fibre component could not provide tensile strength comparable to 

that of the native meniscus. Especially for larger meniscal defects, the scaffold could be 

improved by modifying this fibre component to better mimic the circumferentially 

orientated collagen fibres of native meniscal tissue. Adjusting the additionally obtained 

structural parameters, like distribution of the pore-walls as well as their thickness, 

could be an option to reduce the material’s compressive stiffness, thereby imitating 

native meniscal tissue more closely.  

To prevent wear, an adequate replacement material should exhibit next to its 

competent behaviour under compression and tension, friction properties comparable 

to meniscal tissue. Therefore, the question arises “Does the silk fibroin scaffold exhibit 

friction properties comparable to that of the native menisci?” Within a friction study, the 
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scaffold revealed significantly higher friction coefficients in comparison to that of 

meniscal tissue but still within the range of the postulated basic requirements when 

tested against articular cartilage. Additionally, it could also be shown that glass, which 

is typically used as opposing surface in cartilage friction studies, always led to 

significantly higher friction coefficients. This emphasizes the importance of choosing 

an appropriate material as opposing surfaces to obtain relevant friction coefficients for 

joints. This in particular applies to friction analyses of future meniscal implants in 

order to assess whether they ensure long-term chondroprotective function from a 

tribological point of view.  

During activities of daily live, e.g. normal walking, the axial loads as well as the 

velocities of the femoral and tibial surface vary considerably within the knee joint. 

Consequently, it is questionable if static friction studies as they are typically performed, 

also within the prior friction study, reflect the conditions occurring in vivo. Hence, the 

question arises, if friction within the knee joint and especially of the artificial material 

for meniscal repair is affected by the varying conditions physiologically acting during 

gait. Therefore, the subsequent study investigated the friction behaviour of the silk 

fibroin scaffold as well as of the articulating surfaces within the knee joint under testing 

conditions characteristically occurring during gait. Using a new dynamic friction 

testing device, both cartilaginous tissues, meniscus and articular cartilage, revealed 

statistically higher friction coefficients during the simulated low-loaded swing phase 

than during the high-loaded stance phase. This suggests that static testing methods can 

rather underestimate friction coefficients. Consequently, the second friction study 

additionally emphasises the relevance of testing under physiological loading and 

motion conditions. 

In summary, although the characterised silk fibroin scaffold partly meets the basic 

requirements for meniscal replacement materials, further improvement are necessary 

to mimic the remarkable material properties of the native meniscus more closely, 

thereby enhancing its chondroprotective function in vivo.  
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A B S T R A C T

Meniscal injury is typically treated surgically via partial meniscectomy, which has been shown to cause cartilage
degeneration in the long-term. Consequently, research has focused on meniscal prevention and replacement.
However, none of the materials or implants developed for meniscal replacement have yet achieved widespread
acceptance or demonstrated conclusive chondroprotective efficacy.

A redesigned silk fibroin scaffold, which already displayed promising results regarding biocompatibility and
cartilage protection in a previous study, was characterised in terms of its biomechanical, structural and biolo-
gical functionality to serve as a potential material for permanent partial meniscal replacement. Therefore, dif-
ferent quasi-static but also dynamic compression tests were performed. However, the determined compressive
stiffness (0.56 ± 0.31MPa and 0.30 ± 0.12MPa in relaxation and creep configuration, respectively) was
higher in comparison to the native meniscal tissue, which could potentially disturb permanent integration into
the host tissue. Nevertheless, μ-CT analysis met the postulated requirements for partial meniscal replacement
materials in terms of the microstructural parameters, like mean pore size (215.6 ± 10.9 μm) and total porosity
(80.1 ± 4.3%). Additionally, the biocompatibility was reconfirmed during cell culture experiments. The current
study provides comprehensive mechanical and biological data for the characterisation of this potential re-
placement material. Although some further optimisation of the silk fibroin scaffold may be advantageous, the
silk fibroin scaffold showed sufficient biomechanical competence to support loads already in the early post-
operative phase.

1. Introduction

The menisci are two crescent-shaped fibrocartilaginous structures,
located between the femur and tibia in the knee joint. Their crucial role
in load bearing and distribution of contact load over the articular sur-
faces, achieved by a synergy of their geometry, unique material prop-
erties and the anterior and posterior attachments to the tibia plateau, is
well established. Furthermore, the menisci are involved in joint stabi-
lisation and lubrication (Bullough et al., 1970; Masouros et al., 2010;
Brindle et al., 2001; Mow and Huiskes, 2005).

During everyday activities, high loads occur in the knee joint, with
resultant forces of 2–3.5 times body weight (Kutzner et al., 2010).
Thereby, up to 81% of the axial forces are transferred through the

menisci (Pena et al., 2005). Being subjected to these high mechanical
stresses, the menisci are particularly prone to injury. In total, 37% of all
sports-related injuries are knee-joint related. Lesions of the medial
meniscus are the second most frequent internal knee injury (24%), re-
quiring surgical intervention in approximately 80% of the cases
(Majewski et al., 2006). The most commonly performed procedure to
treat a torn meniscus is partial meniscectomy, initially combining the
advantage of rapid pain relief and restoration of joint function (Hede
et al., 1992; Schimmer et al., 1998). Nevertheless, meniscectomy can
cause degeneration of the articular cartilage in the long-term (Hede
et al., 1992; Baratz et al., 1986; Seitz et al., 2012; Fairbank, 1948; Roos
et al., 1998; Englund and Lohmander, 2004). This is due to the fact that
a decreased contact area after meniscal resection leads to increased
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stress on the articular surface (Fukubayashi and Kurosawa, 1980),
which becomes greater with increased removal of meniscal tissue
(Baratz et al., 1986; Lee et al., 2006; Ahmed and Burke, 1983).

Consequently, there has been an increased awareness of meniscus
preservation or replacement techniques in recent years. Between 2005
and 2011, the number of repairs performed increased by 11.4% for
isolated meniscus tears (Abrams et al., 2013). However, irreparable
lesions in the avascular region of the meniscus require partial or even
total meniscectomy. In these cases, natural (e.g. allografts) or synthetic
meniscal substitutes are options to restore meniscal function. To suc-
cessfully replace an injured meniscus, Stone et al. once postulated basic
requirements for meniscal replacement materials (Stone, 1996; Stone
et al., 1997), which were later further elaborated by Rongen et al.
(2014). The authors stated that the biomechanical properties of a
substitute should mimic that of native meniscal tissue as close as pos-
sible. Thereby, transmitting and distributing loads over the articulating
surfaces and reducing peak stresses also already in the initial phase
after implantation (Stone, 1996; Stone et al., 1997; Rongen et al.,
2014). Additionally, the friction coefficient should not exceed 0.05 to
prevent early cartilage abrasion. Furthermore, a meniscal scaffold is
thought to serve as a “framework”, encouraging cell adhesion and
differentiation, vascularisation and matrix deposition. Therefore, mac-
ropores (200–300 μm), interconnected via micropores (10 – 50 μm) and
a high total porosity (≥ 70%) are demanded (Rongen et al., 2014). This
is particularly true for a partial replacement device, for which a con-
nection to the remaining host tissue is essential. Many studies have
evaluated the suitability of different artificial materials for meniscal
replacement, but none have clinically demonstrated the capacity to
protect the articular cartilage (Rongen et al., 2014; Rodkey et al., 1999;
Buma et al., 2004; Kohn et al., 1992; Walsh et al., 1999; Bruns et al.,
1998; Gastel et al., 2001; Peters and Wirth, 2003; Verdonk et al., 2005;
Milachowski et al., 1990; Noyes and Barber-Westin, 2005). Never-
theless, two alloplastic scaffolds for partial meniscal replacement are
clinically available (CMI®, Collagen Meniscus Implant, Ivy Sports
Medicine, Gräfelfing, Germany and Actifit®, Orteq Ltd., London, UK)
but have not gained widespread clinical adoption and their ability to
protect the articular cartilage in the long-term remains unclear (Rongen
et al., 2014). Sandmann et al. (2013) additionally had shown that the
mechanical/viscoelastic properties of both replacement materials were
significantly different to that of human menisci. Consequently, there is
still a need for an adequate replacement material. Further approaches,
but primarily for total meniscal replacement, are in preclinical devel-
opment (e.g. Meniscofix™, Novopedics Inc. (Balint et al., 2012; Merriam
et al., 2015; Patel et al., 2016) or NuSurface®, Active Implants Ltd.
(Elsner et al., 2010; Shemesh et al., 2014; Zur et al., 2011)). Another
non-resorbable scaffold based on silk fibroin (FibroFix™, Orthox Ltd.,
Abingdon, UK), designed for partial meniscal replacement, was pre-
viously tested by us in a sheep model and displayed superior results in
comparison to partial meniscectomy after six months of implantation
with compressive properties in the range of meniscal tissue and evi-
dence of a chondroprotective effect (Gruchenberg et al., 2015). How-
ever, fixation and integration into the adjacent meniscal tissue was
insufficient. Therefore, the material was subjected to an optimisation
process and a silk fibre mesh was integrated into the porous matrix to
improve anchoring of the fixation sutures. Recently, we investigated the
frictional properties of this second generation of silk fibroin scaffolds
(Warnecke et al., 2017). The scaffold, in comparison to the physiolo-
gically articulating surfaces of the meniscus and articular cartilage,
displayed slightly higher friction coefficients than the native meniscus
(Warnecke et al., 2017), but still remaining within the range of the
mentioned requirements (Stone, 1996; Stone et al., 1997; Rongen et al.,
2014).

Having these requirements in mind, the aim of the present study
was to characterise the biomechanical, structural and biological prop-
erties of the second generation of silk fibroin scaffolds for partial me-
niscal replacement.

2. Material and methods

2.1. Study design

To characterise the biomechanical and structural properties, as well
as the biocompatibility of the silk fibroin scaffold (FibroFix™ Meniscus,
Orthox Ltd.), several tests were performed on specimens of standardised
geometry. Silk fibroin flat sheet scaffolds were delivered by Orthox Ltd.,
which were materially and structurally identical to the meniscus im-
plants (FibroFix™ Meniscus, ORTH REP M081), differing only in the
final shape.

The study comprised testing procedures, including tensile, in-
dentation, unconfined compression creep and relaxation tests, to de-
termine the viscoelastic material parameters of the scaffold. Here, the
ultimate tensile force Fmax in N, the linear elastic modulus E in MPa, the
residual force Fres in N and the equilibrium moduli Eeq in MPa in
compression creep and the relaxation configuration were determined.
Additionally, a dynamic mechanical analysis (DMA) was included to
characterise the viscous (damping factor tan(δ) and loss modulus E’ in
MPa) and elastic properties (storage or elastic modulus E′ in MPa) in
greater detail.

The microstructure and morphology of the silk fibroin scaffold were
assessed by micro-computed tomography (μ-CT). Thereby, total por-
osity and pore size were evaluated. Finally, biocompatibility was de-
termined by MTT and BrdU tests for cell metabolism and proliferation,
respectively.

2.2. Material

Silk fibroin scaffolds were manufactured from commercially ob-
tained Bombyx mori silk fibroin fibres (Silk Opportunities Ltd,
Volketswil, Switzerland). Raw fibres were degummed according to
Gulrajani et al. (1996) and dissolved in lithium bromide before trans-
ferring the resulting solution to semi-permeable moulding vessels.
These contained organised fibroin fibre layers comprising braided fi-
broin threads of approximately 0.4mm gauge arranged in orthogonal
meshes to improve anchoring of sutures used in vivo for fixation of the
scaffold to the host tissue. To ensure preservation of these mesh ele-
ments, moulding vessels were rapidly dialysed against excess ultrapure
water, before perfusion with a dilute acidic solution to initiate transi-
tion of fibroin to the β-pleated-sheet conformation. A macroporous
internal structure was introduced through a freeze-thaw cycle. After-
wards, the scaffolds were dehydrated to maximise β-pleated-sheet
content in the fibroin and increase fibroin crystallinity, before washing
in ultrapure water and final transfer to phosphate-buffered saline (PBS).

2.3. Mechanical tests

2.3.1. Test setup
All biomechanical tests were performed at room temperature

(20–22 °C). Care was taken to keep specimens moist in PBS during
sample preparation as well as during testing using custom-made testing
chambers filled with PBS for indentation-, unconfined compression
creep and –relaxation tests.

2.3.1.1. Quasi-static testing. The quasi-static tests were performed using
standard materials testing machines (Z 010 or BXE-EZ001.A50-000,
Zwick & Roell, Zwick GmbH & Co. KG, Ulm, Germany) associated with
the Zwick® test software TextXpertII for testing and data acquisition.

Tensile test to failure: The tensile properties of the silk fibroin
scaffold were determined in a tensile test to failure, performed ac-
cording to Villegas et al. (2007). Dumbbell-shaped specimens (n=9,
approximately 25mm×10mm × 5mm) were cut from each silk fi-
broin flat sheet using a custom-made punch and mounted in the ma-
terials testing machine equipped with a 500-N load cell (KAF-W, A.S.T
GmbH, Blaustein, Germany, accuracy ≤ 0.24%) (Fig. 1). Here, special
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care was taken that one whole fibre bundle was within the tapering of
the specimen's shape (Fig. 1, red arrow B). Standard clamps were used
for fixation. Initially, to ensure the same testing conditions at the be-
ginning of each test, the specimens were preconditioned for 10 cycles
ranging over 0–3% strain at a constant velocity of 10mm/min. Then
the tensile test was conducted at a strain rate of 2%/s until failure.
During testing, the time, load and displacement were recorded and the
Fmax, displacement at maximum force smax in mm and the linear elastic
modulus E were assessed. Here, the linear elastic modulus was defined
as the slope in the linear region of the stress-strain diagram using linear
regression.

Indentation test: To compare the biomechanical properties of the
silk fibroin scaffold with literature data, an experimental test setup was
used as previously published by Sandmann et al. (2013), the first and
only research group, who evaluated the pre-implantation biomecha-
nical properties of the two clinically available meniscal replacement
devices CMI® (Ivy Sports Medicine) and Actifit® (Orteq Ltd.).

Cylindrical samples (n= 9) were cut from silk fibroin flat sheets
indicated above (initial height h0: 5.12 ± 0.26mm) using an 8-mm
biopsy punch. The specimens were mounted in the materials testing
machine, centred on a steel plate within a custom-made testing
chamber filled with PBS. Furthermore, the setup for the indentation test
included a calibrated 50-N load cell (KAP-S, A.S.T. GmbH, Blaustein,
Germany, accuracy ≤ 0.28%) and a laser distance sensor (optoNCDT
2200-20, Micro-Epsilon, Ortenburg, Germany) to determine scaffold
deformation. After applying an initial preload of 0.5 N, the cylindrical
silk fibroin specimens were exposed to 5 load cycles using a steel-ball
indenter (Ø = 5mm). One cycle comprised a loading phase up to 7 N at
5mm/min with a subsequent relaxation time of 60 s, followed by a
load-release to 0.1 N at a constant velocity of 1mm/min and finally
deformation was held constant for another 60 s (recovery phase).

The stiffness k (N/mm) in cycles 1 and 5 was determined from the
linear region of the force-displacement diagram between 2 N and 5 N
(Fig. 2A). The Fres, which was defined as the force remaining after the
relaxation time at the end of the loading phase, was evaluated as a
measure for the viscoelastic behaviour (Fig. 2B). Finally, the relative
compression of the specimens in % was assessed by relating the re-
corded displacement of the indenter to the initial sample height.

Unconfined compression relaxation test: Unconfined compres-
sion tests were performed with a modified testing protocol according to
Chia and Hull (2008), who determined the compressive properties of
human menisci in axial and radial direction. Accordingly, cylindrical
silk fibroin samples (n= 9) were obtained using a 5-mm biopsy punch.
Within the materials testing machine, which was equipped with a 50-N
load cell (KAP-S, A.S.T GmbH, accuracy: ≤ 0.28%), the cylindrical

samples were mounted in a custom-made testing chamber filled with
PBS and cyclically preconditioned to 12% strain for 10 cycles. Subse-
quently, a stress-relaxation test at 12% strain, controlled via a laser
distance sensor (optoNCT 2200-2, Micro-Epsilon), was executed over a
testing period of 60min to ensure that an equilibrium state was
reached. For evaluation, the Eeq was determined, which was defined by
the quotient of the recorded stress at equilibrium σt→∞ averaged over
the last 10min of testing time and the applied constant strain εi (1).

= =
→∞E σ
ε

ε; 0.12eq
t

i
i (1)

Unconfined compression creep test: To test the compressive be-
haviour of the silk fibroin scaffold under more physiological-like con-
ditions, an unconfined compression test under creep conditions was
performed. Here, the test setup was in accordance to Joshi et al. (1995),
who quantified the differences in compressive properties of menisci of
various species using the linear biphasic theory. Cylindrical samples of
5mm in diameter, placed within a special testing chamber filled with
PBS, were first preloaded to 0.02 N at a velocity of 1.6mm/min for
15min in the materials testing machine equipped with a 20-N load cell
(Xforce P, Zwick GmbH & Co. KG, accuracy: ≤ 0.26%) and a laser
distance sensor (optoNCDT 2200-20, Micro-Epsilon). Subsequently, the
samples were loaded to 0.1 N at a velocity of 31% h0/min. This force
was held constant for 60min and the Eeq was determined (1).

2.3.1.2. DMA. The dynamic loading measurements were performed
using an ElectroForce® 5500 dynamic materials testing machine (BOSE/
TA ElectroForce Systems Group, New Castle, USA) equipped with a
200-N load cell (BOSE/TA ElectroForce Systems Group, accuracy: ≤
1%) in an unconfined compression test setup. Additional cylindrical
samples harvested using a 6-mm biopsy punch (n=6; initial height h0
= 5.47mm ± 0.12mm) were mounted in the dynamic materials
testing machine and preloaded to 0.2 N to ensure surface contact
between the samples and the compression plates. Afterwards, a
dynamic, sinusoidal strain with constant amplitude of approximately
60 μm was applied, passing through 5 cycles over a frequency spectrum
of 0.1–10 Hz. The testing protocol used in the current study was based
on Yan et al., who tested the material properties of silk fibroin scaffolds
with different initial silk concentrations (Yan et al., 2012).

The standard software for the ElectroForce® 5500 WinTest7® con-
tinuously recorded the time, applied displacement and resulting force at
a sampling rate of 100 Hz during testing. For a detailed characterisation
of the silk fibroin scaffold, the loss factor tan (δ), the storage modulus E′
and the loss modulus E″ were evaluated from the first three recorded
cycles of each frequency run.

Fig. 1. Dimensions of a custom-made
punch (A) to obtain dumbbell-shaped
samples from a flat sheet of the silk fi-
broin scaffold (B). Here, special care
was taken that at least one longitudinal
fibre bundle was within the tapering of
the sample (red arrow, B). Afterwards,
it was clamped within a standard ma-
terials testing machine (Z 010, Zwick &
Roell, Ulm, Germany) using standard
clamps for testing the tensile properties
(C). (For interpretation of the refer-
ences to color in this figure legend, the
reader is referred to the web version of
this article.)
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2.4. Structural analysis: µ-CT

For structural analysis of the scaffold, μ-CT scans were executed
with cylindrical samples punched out of 5-mm silk fibroin flat sheets,
which had also been used for biomechanical testing. Because of the
sample hydration, they first had to be dried. To preserve the geome-
trical dimensions and structure, a critical point drying method was
chosen (E3100 Critical Point Dryer, LOT-QuantumDesign GmbH,
Darmstadt, Germany). Prior to this, the samples were dehydrated
through an ascending alcohol series (70%, 98% and 100%, each for
12 h).

Subsequently, the dried scaffolds were scanned (Skyscan® 1172,
Bruker microCT, Kontich, Belgium) with an approximate 8-μm image
pixel size. The X-ray source was set at 40 kV and 250 μA. Projections
were acquired over a rotation range of 180° with rotation steps of 0.36°.
The reconstruction and analysis were performed using the standardised
Skyscan® software NRecon® and CTAn®, respectively. All slices were
converted to binary images with a threshold of 40–255 (grey values).
To assess the microstructure of the silk fibroin scaffold, parameters like
the total porosity, the mean pore size as well as the pore size dis-
tribution were evaluated.

2.5. Cell-culture experiments

2.5.1. Scaffold preparation
Meniscus-shaped silk fibroin scaffolds were disinfected with 95%

ethanol, washed three times with sterile PBS and pre-incubated for 24 h
in standard culture medium (DMEM/Ham's F12, Gibco, ThermoFisher
Scientific, Waltham, USA) containing 10% foetal calf serum (FCS) (PAA
Laboratories, Cölbe, Germany), 1% penicillin/streptomycin (Gibco,
ThermoFisher Scientific) 1% L-glutamine (Biochrom, Merck KGaA,
Darmstadt, Germany), 10 μg/ml transferrin and 3×108 M selenite
(both Sigma-Aldrich, Taufkirchen, Germany).

2.5.2. Cell cultivation
Chondrogenic murine ATDC5 cells, which were purchased from

Sigma-Aldrich, and human mesenchymal stem cells (MSCs) isolated
from bone-marrow aspirates as described previously (Mietsch et al.,
2013) were used for the experiments. Briefly, the fresh human bone-
marrow aspirates were obtained after informed consent and approval
from the local ethical committee. Afterwards, the MSCs were isolated
by density gradient centrifugation and plastic adherence. These types of
cells were chosen since we assume that these cell types would have the
closest contact to the scaffold material in vivo.

2.5.3. Assessment of biocompatibility
Biocompatibility of the material was assessed by measuring cell

metabolism and proliferation of both cells types separately cultured
together with the scaffold material. Scaffolds were cut into square
pieces (0.15× 0.15 cm), which were placed in 96-well plates. A total of
200 μl culture medium containing 10,000 MSCs was added. The cells
were cultivated for 1, 3, 14 or 21 days and cell metabolism was de-
termined by the MTT test as described previously (n= 3 per time point)
(Sarem et al., 2013). In a second experiment cell-proliferation was
measured by a BrdU test according to the manufacturer's protocol
(n= 6 per time point) using chondrogenic cells. For this, 200 μl culture
medium containing 1000 ATDC5 cells was added to the scaffolds and
cultivated for 7 or 14 days.

2.6. Statistics

Because the evaluated data were normally distributed (normal
probability plot, Shapiro-Wilk test (Shapiro and Wilk, 1965)), the data
were averaged and presented as means ± standard deviation. All fur-
ther statistical analyses were performed using GraphPad Prism® soft-
ware (GraphPad Software Inc., La Jolla, USA).

1) The effect of cyclic indentation on the silk fibroin scaffold stiffness,
residual force and compression were evaluated using paired

Fig. 2. Representative curve of an indentation test, which
comprised 5 load cycles up to 7 N with a subsequent re-
laxation time of 60 s, followed by a load-release to 0.1 N
and another recovery phase. The stiffness in cycles 1 and 5
(k(C1) and k(C5), respectively) were determined from the
linear region of the force-displacement diagram between
2 N and 5 N (A). As a measure for the viscoelastic beha-
viour, the residual force (Fres(C1) and Fres(C5)) were de-
fined as the force remaining after the relaxation time at
the end of the loading phase in cycle 1 and 5 (orange *, B).
(For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this
article.)
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Student's t-test.
To compare these results with the existing data of Actifit®, CMI® and
human menisci obtained by Sandmann et al., additional one-way
analysis of variances (ANOVA) with Bonferroni's multiple compar-
ison tests were performed.

2) To determine any changes in the elastic/storage modulus E′, in the
loss factor tan(δ) and in the loss modulus E″ depending on the fre-
quency, one-way ANOVA with Tukey's multiple comparison tests
were performed.

3) Within the biocompatibility test, changes in the cell metabolism and
proliferation rate were analysed via one-way ANOVA and Student's
t-test, respectively.

The statistical significance level was set to p < 0.05.
Due to the lack of comparability of the obtained data and the ma-

terial analysis character of the study, all further obtained results were
analysed descriptively.

3. Results and discussion

3.1. Biomechanical tests

3.1.1. Tensile test to failure
Within this study, the tensile properties of a potential material for

partial meniscal replacement were investigated for the first time using
dumbbell-shaped samples (Fig. 3). They reached an ultimate tensile
force of 51.0 ± 16.0 N at a maximum displacement of 4.7 ± 0.9mm.
Based on a rectangular cross-sectional area (length × width:
3.0 ± 0.1mm × 5.1 ± 0.3mm), the ultimate tensile force led to a
maximum tensile strength of 3.28 ± 1.01MPa. The mean elastic
modulus, which was defined as the slope of the linear region of the
stress-strain diagram, was 5.4 ± 1.4MPa.

In general, there is a lack of information regarding the biomecha-
nical characterisation of potential materials for (partial) meniscal re-
placement in the literature. Consequently, a comparison of the tensile
properties of the silk fibroin scaffold with other materials was not

possible. Therefore, data for the tensile properties of human menisci
were consulted. Since the material properties of the meniscus are ani-
sotropic, there are differences in the elastic modulus depending on the
orientation of the collagen fibres (Tissakht and Ahmed, 1995; Lechner
et al., 2000). Tissakht and Ahmed (1995), who determined the tensile
characteristics of human menisci in two directions, found an almost 10-
fold higher elastic modulus in the circumferential than in the radial
direction (radial: lateral meniscus 11.6 MPa, medial meniscus 9.9MPa;
circumferential: lateral meniscus 111.7MPa, medial meniscus 83MPa).
Comparing the properties of the scaffold with the literature, it is clear
that the elastic modulus of the silk fibroin test samples was lower than
that of native meniscus. However, the silk fibroin scaffold tested in the
current study is designed to address partial meniscal replacement, in
which the outer region of the meniscus and, therefore, the native cir-
cumferential collagen fibres are still maintained. Therefore, the func-
tionality of transferring axial load into circumferential tensile stress is
still provided in this scenario (Masouros et al., 2010; Beaupre et al.,
1986). Furthermore, within the inner two-thirds, the menisci are pre-
dominantly exposed to compressive loads (Beaupre et al., 1986;
McDermott et al., 2010), which leads to the assumption that the com-
pressive properties of a potential material for partial meniscal re-
placement might be more important than its tensile properties. The
integrated single layer of fibre mesh, which was implemented to en-
hance the fixation to the remaining host meniscus rather than to take up
circumferential loads was arranged in an orthogonal array in the scaf-
folds. Therefore, it is possible that the scaffold may be improved by
adopting a higher density of fibres with orientation that better mimics
the circumferential arrangement of the collagen fibres found in the
native meniscus especially for larger partial or for total meniscal re-
placements.

3.1.2. Indentation test
The indentation stiffness of the silk fibroin scaffold increased sig-

nificantly between cycles 1–5 by approximately 38% from
17.9 ± 2.7 N/mm to 24.7 ± 3.7 N/mm (Fig. 4A1; p < 0.0001, two-
tailed p-value). The residual force as a parameter for the viscosity also

Fig. 3. After 10-cycle preconditioning (A), the dumbbell-shaped samples of the silk fibroin scaffold were tested until failure at constant strain rate of 2%/s to
determine the parameters Fmax, smax (B) the ultimate tensile strength σmax and the linear elastic modulus E out of the linear region of the stress-strain diagram (C;
here: a representative curve).
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significantly increased from 4.8 ± 0.2 N in cycle 1–5.2 ± 0.1 N in
cycle 5 (Fig. 4A2; p < 0.0001, two-tailed p-value). Consequently, the
compression significantly decreased during test cycles 1–5 from
8.0 ± 1.7% to 5.6 ± 1.0% (Fig. 4A3; p=0.002, two-tailed p-value
within a paired t-test).

Attempting to find suitable test setups to compare the biomecha-
nical properties of the silk fibroin scaffold with other meniscus re-
placement materials was difficult, because most investigators only re-
ported histological analysis or gross examination via magnetic
resonance imaging within in vivo studies (Stone et al., 1997; Maher
et al., 2010; Verdonk et al., 2011). Therefore, we chose the test setup
for a cyclic indentation test performed by Sandmann et al. (2013), the
only research group investigating the biomechanical properties of the
two clinically available implants CMI® and Actifit® in comparison with
meniscus tissue of different species. They found significant differences
in the viscoelastic properties and stiffness of both artificial materials in
comparison to the native meniscal tissue (Fig. 4B1 and B2). It is clear
that the silk fibroin scaffold was significantly stiffer in the first and fifth
cycles not only compared to the two other artificial materials but also to
human meniscal tissue (Fig. 4B1) but displayed fifth cycle average
values that more closely approached meniscal tissue than either CMI®

and Actifit®. Similar differences were found in the compressive strain of
the materials at a 7 N load (Fig. 4B3) with the silk fibroin scaffold,
however, demonstrating average values that were closer to those of
human meniscal tissue than the other two scaffolds. The Fres of the
scaffold, defined by Sandmann et al. as a measure for the viscoelastic
behaviour, was statistically significantly different in comparison to
Actifit® but also to human meniscal tissue also for both cycles 1 and 5
(Fig. 4B2). Consequently, the silk fibroin scaffold displayed initial
compressive competence as required by Rongen et al. (2014) and Stone
et al. (1997) unlike the CMI® and Actifit®. Sandmann et al. (2013)
speculated that the low stiffness of these two implants might increase
after implantation because of matrix deposition by ingrowing cells

within the artificial materials, which was confirmed by Tienen et al.
(2006) for a prior material version of the Actifit® implant. Here, the
increased stiffness was detected within an unconfined compression test
after 3 and 6 months of implantation compared to the preoperative
conditions. Nevertheless, the mechanical properties were still sig-
nificantly different from native meniscal tissue. After 24 months, no
further improvement of the mechanical properties occurred (Tienen
et al., 2006). Rather, some scaffolds were totally destroyed, leading to
considerable cartilage degeneration, contradicting the speculation by
Sandman et al. (Welsing et al., 2008; Hannink et al., 2011).

3.1.3. Unconfined compression relaxation and creep tests
Based on the test setup of Chia and Hull (2008), we performed an

unconfined compression relaxation test at a physiological strain level of
12% (Fig. 5). The resultant equilibrium modulus, representing the
elastic properties of a viscoelastic material, was 560 ± 310 kPa.

This was stiffer than the compressive modulus at equilibrium of
human medial menisci determined by Chia and Hull via a nonlinear
least-squares regression using Fung's two-parameter exponential model.
They assessed the highest equilibrium modulus to be approximately
138 kPa in the anterior region of the meniscus in the axial direction.
However, such low values might partially be attributable to the ex-
tremely small sample dimensions of the tested 2mm cubes. Samples of
this dimension possibly do not reflect the properties of the largely in-
homogeneous meniscal tissue correctly.

Gruchenberg et al. (2015, 2018) investigated a previous version of
the silk fibroin scaffold in a sheep model, evaluating the equilibrium
modulus preoperatively and 3 and 6 months post implantation and
compared it with ovine meniscal tissue. They performed inter alia a
stress-relaxation test at 20% strain and found a significantly higher
equilibrium modulus for meniscal tissue (approximately 750 kPa) than
for the scaffold (approximately 420 kPa) (Gruchenberg et al., 2015,
2018). In addition to the lower stiffness, the results of Gruchenberg

Fig. 4. Mean and standard deviation of the silk fibroin scaffold's stiffness k in N/mm, residual force in N and their increase throughout the testing duration and the
resultant compression rate at a 7 N load in the indentation test (cycle 1 vs. cycle 5, A 1–3, *p < 0.05). For a better comparison of these three parameters with the
existing data of Sandmann et al. (2013), additional statistical analysis was performed (B1–3, *p < 0.05).
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et al. (2015, 2018) showed an insufficient fixation of the scaffold with
the remaining meniscal tissue. Therefore, a new fibre layer was in-
tegrated within the porous matrix to enhance the surgical fixation.
However, the authors postulate that the increased stiffness of the silk
fibroin scaffold tested in the current study compared to the previous
version may be due to this new fibre layer.

To observe the material's behaviour under more physiological con-
ditions, unconfined compression creep tests were also performed. Here,
we adapted our test setup to that of Joshi et al. (1995), who quantified
the compressive biomechanical properties of menisci of various species.
The silk fibroin scaffold displayed a typical viscoelastic creep response,
with a mean deformation of approximately 2.2% (0.15 ± 0.05mm,
Fig. 6) after 1 h. The equilibrium modulus was 0.30 ± 0.12MPa. Joshi
et al. determined an aggregate modulus HA in MPa, which reflects the
stiffness of the extracellular matrix, using the linear biphasic model.
They found an aggregate modulus of approximately 0.2 MPa for human
menisci (Joshi et al., 1995). The highest modulus was found for porcine
meniscal tissue (approximately 0.27MPa), which was, however, not
significantly different to human menisci but even less than that of the
silk fibroin scaffold.

Merriam et al. (2015) and Patel et al. (2016) investigated a fibre-
reinforced scaffold with two different material compositions (p(DTD
DD) vs. PLLA, respectively) for total meniscal replacement in a sheep

model. For mechanical characterisation of the scaffolds, they performed
inter alia an unconfined compression creep test preoperatively and 16
and 32 weeks after implantation. They also used Mow's biphasic theory
to evaluate the aggregate modulus of their collagen scaffold (p(DTD
DD) fibres) and its modification (PLLA fibres), respectively (Merriam
et al., 2015; Patel et al., 2016). They found that their scaffolds pre-
operatively reached an aggregate modulus of only 25% of the native
meniscus (approximately 0.2MPa versus 0.8 MPa for native ovine me-
niscal tissue), which, however, doubled after 16 weeks of implantation
time. Despite the still existing discrepancy of the values between the p
(DTD DD) fibre implant and the ovine meniscal tissue, the authors
looked forward to a successful implant for total meniscal replacement
due to the greater protection of the articular cartilage compared to a
meniscectomy (Merriam et al., 2015).

The testing protocol according to Joshi et al. provided small loads of
only 0.1 N, which may represent a limitation also of the current study.
However, these low load magnitudes are necessary to ensure the as-
sumption of the infinitesimal linearity of the linear biphasic model used
by Joshi et al. (1995) as well as by Merriam et al. (2015) and Patel et al.
(2016). Nevertheless, to the best of the authors’ knowledge, the in-
dicated studies are the only ones testing (different) menisci and also a
potential meniscal replacement material under compression creep
conditions.

3.1.4. Dynamic mechanical analysis
With increasing frequency, the storage modulus E′ of the silk fibroin

scaffold did not increase significantly. Only a slight tendency of a
continuous increase in E′ from 1.20 ± 0.97MPa at 0.1 Hz to
1.43 ± 1.17MPa at 10 Hz could be identified (Fig. 7A1). This leads to
the assumption that the energy, which is stored within the scaffold due
to the elastic part of the material did not increase significantly with
increasing loading frequency. The damping factor tan (δ), which was
calculated from the phase lag angle δ between the applied strain and
the resultant material stress response, did not depend on the testing
frequency (0.1 Hz: tan(δ) =0.18 ± 0.06 and 10 Hz: tan (δ)
=0.19 ± 0.04; one-way ANOVA; Fig. 7A2), as well. Consequently, the
damping properties are uninfluenced by the testing frequency, as well.

Comparing the obtained data with Yan et al. (2012), who in-
vestigated the dynamic compressive properties of silk fibroin scaffolds
prepared with four different initial silk concentrations, with the scaffold
tested in the current study, we found the material tested in this study to
be two- to three-fold stiffer. However, the damping properties were

Fig. 5. A representative curve of the
decreasing force when performing an
unconfined compression relaxation test
at a physiological strain level of 12%,
which was held constant for 1 h (A).
The resultant stress (B, blue) was
averaged over the last 10min and di-
vided by the applied strain (red) to
determine the equilibrium modulus
Eeq. (For interpretation of the refer-
ences to color in this figure legend, the
reader is referred to the web version of
this article.)

Fig. 6. The unconfined compression creep tests of the silk fibroin scaffold re-
vealed a typical viscoelastic creep response of the material with a mean de-
formation of approximately 2.2% (here: the averaged creep curve for all tested
samples, n=9).
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quite similar to Yan's scaffold, particularly at a silk concentration of 12
or 16 wt%, whereas the dissolved fibroin concentration of the scaffold
tested in the current study was 20%. Pereira et al. (2014) also de-
termined the dynamic compressive properties of fresh human menisci,
performing a DMA. They similarly found a tendency for an increased E’
with increasing frequency for medial and lateral menisci. However, the
E’ was slightly different for both sides and also varied between the
anterior, mid body and posterior regions. The mid body of the medial
meniscus was stiffest and displayed elastic moduli between 0.83MPa
and 0.93MPa for 0.1 Hz and 10 Hz, respectively, which was in the
range of the silk fibroin scaffold tested in the current study (Pereira
et al., 2014).

Additionally, we evaluated the loss modulus E″ as a parameter for
the energy, which is dissipated by the viscous mechanisms within the
material. Here, it was clear that E″ was also uninfluenced by the varied
frequencies, comparable to the loss factor tan (δ), whereby E″ ranged
from 0.18 ± 0.13MPa to 0.26 ± 0.19MPa at 0.1–10 Hz, respectively
(Fig. 7A3).

Comparing these data with human meniscal tissue, the silk fibroin
scaffold tested in the current study had a slightly higher capability to
dissipate energy than in the studies of Pereira et al. (2014) and Bursac
et al. (2009), as indicated by the higher loss modulus. Therefore, the
elastic properties of the silk fibroin scaffold were more pronounced
than its viscous character. Consequently, the amount of energy dis-
sipated by the viscous mechanisms was minor compared to the energy
stored within the material because of the elastic components.

3.2. Structural analysis: µ-CT

The structural composition and architecture of the silk fibroin
scaffold was determined by μ-CT analysis (Fig. 8). Here, a mean volume
of 24.2 ± 6.87mm³ of each sample was analysed. The variations in the
analysed volume arose from the location of the integrated fibre layer
(Fig. 8), which was excluded from the analysis to prevent any mis-
interpretations of the ultrastructure of the scaffold. μ-CT analysis re-
vealed a total porosity of 80.13 ± 4.32% (open porosity: of
80.12 ± 4.32%), with a mean pore size of 215.6 ± 10.9 μm. In gen-
eral, the pore size distribution was Gaussian, but slightly shifted to the
left. However, it ranged over 8–663 μm, with more than 65% of the
pores being 100–300 μm in diameter (Fig. 8). A mean pore wall
thickness of 53.6 ± 9.6 μm was observed, with almost 30% of the pore
walls measuring 24–40 μm (Fig. 8).

Microstructural parameters, including pore size and total porosity,
are crucial for replacement materials, because they can affect not only
the integration but also the regeneration of new meniscal tissue.
Therefore, Rongen et al. included these parameters in their

requirements for meniscal replacement materials. They suggest having
both large macropores (200–300 μm) in turn connected by smaller
micropores (10–50 μm), resulting in a high interconnectivity.
Additionally, one should aim for a high total porosity of> 70%
(Rongen et al., 2014). Comparing the obtained values in the present
study with these requirements, it is clear that the silk fibroin scaffold
fits well with these guidelines for structural composition of meniscal
replacement materials.

3.3. In vitro biocompatibility test

The MTT and BrdU tests demonstrated undisturbed cell viability and
increasing proliferation over time in the presence of the scaffold ma-
terial, indicating a sufficient biocompatibility of the material, with no
toxic side effects on co-cultured cells (Fig. 9A and B). Therefore, we
conclude that the scaffold material does not have a general negative
effect on cell proliferation and metabolic activity.

Because of its unique material properties, silk has been used decades
long in biomedical applications. Combined high mechanical strength
and favourable elasticity make silk a suitable suture material (Altman
et al., 2003). Silk extracted from the silkworm cocoon (Bombyx mori)
mainly consists of two fibroin proteins, which are encased with a sericin
coat. Thereby, sericin serves as a “glue” to hold the two core fibres
together (Altman et al., 2003). The immunogenicity of silk-based bio-
materials arises from the sericin coating of the fibroin proteins, because
isolated fibroin proteins did not activate the immune system (Panilaitis
et al., 2003). Therefore, the biocompatibility of isolated fibroin has
been demonstrated in various in vitro and in vivo studies (Santin et al.,
1999; Meinel et al., 2005; Cassinelli et al., 2006; Seo et al., 2009).
During the manufacturing process of the silk fibroin scaffold used in the
current study, fibroin was extracted and processed into a porous matrix.
Biocompatibility of the first generation of this scaffolds was previously
confirmed in an in vivo study using a partial meniscal replacement
model (Gruchenberg et al., 2015). Furthermore, there was insufficient
fixation stability resulted in less integration of the scaffold into the
remaining meniscal tissue, leading to displacement of the material
during the experimental period in a third of all cases. Therefore, this
study revealed the need to improve scaffold fixation to the meniscal rim
(Gruchenberg et al., 2015) and a fibre mesh was accordingly inserted
into the porous matrix. The current study showed that the material
properties in terms of biocompatibility did not change during this
process, therefore the second generation of this material can be used in
an in vivo setting in the future.

Fig. 7. Within the dynamic mechanical analysis (DMA), a sinusoidal stress σ (or strain ε) is applied over a frequency spectrum and the material's response strain ε (or
stress σ) is recorded. Because of the viscoelastic properties of the material, the response lags behind the applied stress (strain) with a phase-lag angle δ. For detailed
characterisation of the silk fibroin scaffold, the dynamic elastic or storage modulus E' in MPa (A 1), the loss factor tan(δ) (A 2) and the so-called loss modulus E″ in
MPa, as a parameter for the amount of energy dissipated by the viscous mechanisms (A 3), were evaluated.
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4. Conclusion

Within the current study, we characterised the mechanical and
structural properties as well as the biocompatibility of a second gen-
eration, new, silk fibroin scaffold as a potential material for permanent
partial meniscal replacement (Table 1).

Many approaches have been published to restore rather than resect
the injured meniscus (Rongen et al., 2014; Rodkey et al., 1999; Buma
et al., 2004; Kohn et al., 1992; Walsh et al., 1999; Bruns et al., 1998;
Gastel et al., 2001; Peters and Wirth, 2003; Verdonk et al., 2005;
Milachowski et al., 1990; Noyes and Barber-Westin, 2005). Only two
artificial substitutes (CMI® and Actifit®) are used clinically, but these are
still not widely accepted by medical professionals. Additionally, their
pre-operatively mechanical properties do not approach those of human
meniscal tissue as Sandmann et al. showed significant differences in the
viscoelastic properties of both artificial replacement concepts in com-
parison to human menisci. Long-term biomechanical data of these im-
plants are not available in the literature.

Rongen et al. (2014) further elaborated the basic requirements for

meniscal replacement materials first postulated by Stone et al. (1997).
It is important for a replacement material to support mechanical loads
already in the initial phase following implantation and that it should
mimic the native meniscus as closely as possible (Stone et al., 1997;
Rongen et al., 2014). Considering these requirements, the silk fibroin
scaffold for partial meniscal replacement tested in the current study
displayed a sufficient compressive competence although slightly in
excess of the native human meniscus. The material showed an increased
stiffness in comparison to the first scaffold generation, which is likely to
be associated with a fibre component integrated in the scaffold to en-
hance fixation strength to the meniscal host tissue. These new fibres did
not provide comparable tensile strength to native meniscus but, because
the inner region of the meniscus, which is the target for a partial me-
niscal replacement, is more exposed to compressive rather than to high
tensile loads (Masouros et al., 2010; Beaupre et al., 1986; McDermott
et al., 2010). Nevertheless, it is expected that the scaffold could be
improved, especially for larger replacement defects, by adopting a
higher density of fibres with orientation, which better mimics the cir-
cumferential orientation of the collagen fibres of native meniscal tissue.

Fig. 8. Exemplary sagittal (A 1) and transversal (A 2) μ-CT images of a critical point dried silk fibroin scaffold. From μ-CT analysis, the mean and standard deviation
of the pore size distribution (B) and the distribution of the trabecular thickness (C) were evaluated (n= 5).
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Although the silk fibroin scaffold presented mechanical competence,
which is important to distribute loads over the articulating surfaces and
therefore, reducing peak stresses already in the initial phase after im-
plantation, a too stiff construct may impede tissue ingrowth and ad-
ditionally damage the underlying articular cartilage (Rongen et al.,
2014). Maher et al. (2010) also indicate that the transition zone be-
tween implant and meniscal host tissue is always a critical region as the
mismatch in stiffness could inhibit the success of partial meniscal re-
placement materials. Therefore, adjusting the structural parameters,
like pore size distribution and pore wall thickness, may present an
opportunity to reduce the material's stiffness to more closely simulate
the biomechanical/compressive properties of menisci, even if they were
in the range of the requirements postulated by Rongen et al. (2014).
Initial mechanical competence is important and desirable for load
transmission and therefore, chondroprotection even in the early post-
operative phase. However, addressing this mechanical capability over
the full range of meniscal tissue loading is important in developing a
stable implant-tissue interface. Given the characteristic anisotropy and

inhomogeneity of meniscal tissue, this will always be a major challenge
to replicate. Nevertheless, we conclude that varying the ratio and or-
ientation of the stiffer fibres in the silk fibroin scaffolds tested in the
current study to a more compressible porous hydrogel matrix may offer
a route to better emulating the full range of native meniscus properties.
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A B S T R A C T

The menisci protect the articular cartilage by reducing contact pressure in the knee. To restore their function
after injury, a new silk fibroin replacement scaffold was developed. To elucidate its tribological properties,
friction of the implant was tested against cartilage and glass, where the latter is typically used in tribological
cartilage studies. The silk scaffold exhibited a friction coefficient against cartilage of 0.056, which is higher than
meniscus against cartilage but in range of the requirements for meniscal replacements. Further, meniscus
friction against glass was lower than cartilage against glass, which correlated with the surface lubricin content.
Concluding, the tribological properties of the new material suggest a possible long-term chondroprotective
function. In contrast, glass always produced high, non-physiological friction coefficients.

1. Introduction

The semilunar menisci are located between the femoral condyles
and the tibial plateau of the knee joint [1–4]. They play a decisive role
in load distribution by increasing the contact area between the
incongruent femoral and tibial articular surfaces. Additionally, they
are involved in secondary joint stabilisation, nutrient distribution and
providing joint motion at low friction [3–5]. Loads of up to 3.5 times
body weight are transferred through the knee joint during activities of
daily life, whereby in general 45–70% of the total load is transmitted
through the menisci [6,7]. In experiencing such high mechanical stress,
the menisci are prone to injuries requiring surgical intervention in
approximately 85% of cases [8]. The most frequent surgical therapy for
meniscus injuries is a partial meniscectomy. However, various studies
have shown that a partial meniscectomy determines the onset of
cartilage degeneration, leading to osteoarthritis (OA) in the long term
[9–11].

Removing meniscal tissue leads to a reduced contact area asso-
ciated not only with an increased contact pressure but also with greater
friction [3–5,10–12]. McCann et al. additionally identified fibrillation
of the cartilage surfaces immediately after removal of meniscal tissue
and wear of the articular cartilage [12]. Therefore, concepts for the
restoration of meniscal function by implantable devices should com-
prise not only the ability to transmit loads but should also consider how

to mimic the low friction provided by the native meniscus. Various
biomaterials with different biomechanical properties have been devel-
oped to replace the injured meniscal tissue and restore its function
[13,14]. Two resorbable scaffolds (CMI® by Ivy Sports Medicine
GmbH, Actifit® by Orteq Ltd.) are currently available and in clinical
practice. However, Sandmann et al. showed their lack of biomechanical
stability in comparison to the native meniscus within an in vitro study
[15]. Another non-resorbable scaffold for partial meniscal replacement
based on silk fibroin (FibroFix™Meniscus, Orthox Ltd., Abingdon, UK)
was recently investigated in a sheep model, showing promising results
regarding biocompatibility and the prevention of OA after 6 months
[16]. However, no results are currently available predicting its long-
term chondroprotective function. To maintain the chondroprotective
properties of a meniscal scaffold over an extended period of time, its
frictional behaviour is of major importance as a high friction coefficient
leads to wear, which is associated with cartilage fibrillation.

In general, friction is defined as the resistance of motion between
two surfaces that are in contact. According to Coulomb, the friction
force FR is equal to the product of the friction coefficient µ and normal
force FN. Therefore, the friction coefficient is a material property and
could be calculated from the quotient of friction and normal force.
However, within synovial joints, friction is much more complex. This is
due to the biphasic viscoelastic nature of the opposing surfaces of the
meniscus and articular cartilage lubricated by synovial fluid [17].
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Various studies investigated the frictional behaviour of articular
cartilage [18–26]. Regarding the three lubrication modes transferred
from mechanical friction analysis (i.e., fluid, boundary and mixed
lubrication), numerous tribology theories were postulated to describe
the remarkable frictional behaviour of articular cartilage [17,26–31].
Within these studies, it has been shown that the friction in synovial
joints is multifactorial and several parameters, including applied
normal load and strain, sliding speed, time and lubricant, influence
the friction mode [23–26,31]. Furthermore, the opposing surface used
to test friction characteristics naturally has a major effect on the
friction coefficient. Glass, which was typically used in most cartilage
friction studies [19,22,25,28,32], provides a smooth counter surface,
but its use appears at least debatable in terms of its lack of
physiological properties. Testing articular cartilage against glass leads
to an increase in friction over time until an equilibrium is reached due
to the biphasic, viscoelastic nature of cartilage [33]. This phenomenon
is most likely attributable to interstitial fluid pressurisation within the
articular cartilage [19,20,22,25,34]. It has been shown that the applied
load is initially supported by the fluid phase of the biphasic cartilage,
resulting in a very low friction coefficient. Under a persisting load, the
load support is continuously transferred to the solid matrix, resulting
in an increasing friction coefficient [22,34]. This phenomenon is
typically observed in highly hydrated and biphasic tissue.

The above mentioned silk fibroin based scaffold for permanent
meniscal replacement is processed into a porous matrix with a smooth
surface [16]. Although its ultrastructure differs considerably from the
native meniscus it showed promising results in a first in vivo trial in
sheep [16]. Additionally, Parkes et al. demonstrated a cartilage-like
friction response of silk protein hydrogels in articular cartilage repair
[35]. Based on these findings, we hypothesised that the friction
coefficient of the silk fibroin scaffold for meniscal replacement is
comparable to physiologically articulating surfaces. We further hy-
pothesised that glass as an opposing surface leads to higher friction
coefficients not only for articular cartilage but also for meniscus and
scaffold in comparison to those achieved when tested against cartilage.

2. Method

2.1. Study design

The frictional properties of the silk fibroin scaffold for meniscal
replacement were determined in comparison to the physiologically
articulating surfaces of meniscus and articular cartilage. Therefore,
cylindrical samples were prepared from the silk fibroin scaffold as well
as being retrieved from the meniscus and tibial cartilage of seven intact
bovine knee joints (age: 3 months) (Fig. 1). Each cylindrical sample
was first tested against a flat cartilage sample, which was also harvested

from the bovine knee joints, using a pin-on-plate friction-testing
device. During testing, the flat opposing surface slid cyclically against
the cylindrical samples, while a constant normal load of 14.6 N was
applied to them, resulting in a detectable friction force. All samples
were stored overnight in phosphate-buffered saline (PBS) at 4 °C for
recovery and tested against glass the next day to test the second
hypothesis.

2.2. Detailed procedure

2.2.1. Sample preparation
The scaffold samples used in this study were manufactured by

Orthox Ltd. and consisted of a biomaterial based on the protein,
fibroin, extracted from silk fibres of the mulberry silk moth Bombyx
mori, which was subsequently processed into a porous matrix (Fig. 2).
Seven scaffold samples were retrieved from 6 flat sheets (height
h0=3.4 mm± 0.6 mm) using a biopsy punch (ø=6 mm). Seven fresh
intact bovine knee joints were ordered from a local butcher and stored
at −20 °C. The day before testing, the joints were kept at 4 °C to thaw.
Cylindrical meniscus samples (ø=6 mm) were punched out from the
medial meniscus at the transition of the posterior horn and the pars
intermedia perpendicular to the surface that was physiologically in
contact with the femoral condyle. For later fixation in the friction
testing apparatus, the cylindrical samples required parallel surfaces.

Fig. 1. Cylindrical samples were prepared from flat sheets of the silk fibroin scaffold (S) (a), as well as being retrieved from the meniscus (M) and tibial cartilage (TC) of bovine knee
joints (b). Flat cartilage samples were taken from the femoral condyle (FC) serving as the opposing surface during friction testing (b).

Fig. 2. Macroscopic image of the meniscal silk fibroin scaffold (FibroFix™, Orthox Ltd.,
Abdindon, UK).
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Therefore, the distal region of the meniscus, which articulates with the
tibial plateau surface, was removed using a microtome, resulting in
specimens 2 mm in height. In addition, cylindrical osteochondral
specimens were harvested out of the medial tibial condyle at the
eminentia intercondylaris, perpendicular to the surface, using a
trephine drill (ø=6 mm). The subchondral bone was removed and the
cylindrical cartilage samples were cut, resulting in specimens approxi-
mately 2.5 mm in height. Flat cartilage samples were taken from each
of the medial femoral condyle using a peeler (n=7). The flat cartilage
samples served as an opposing surface during friction testing (approx.
40 mm length, 20 mm width and 2 mm height). To test the second
hypothesis, an uncoated, smooth, glass microscope slide was used as
the opposing surface (VWR* Plain Micro Slides, VWR International
GmbH, Darmstadt, Germany). All specimens were maintained hy-
drated during preparation and were stored in PBS at 4 °C until testing.

2.2.2. Friction-testing apparatus
To determine the friction coefficient of the meniscal scaffold in

comparison to meniscus and articular cartilage, a pin-on-plate friction-
testing apparatus was designed (Fig. 3). It consisted of an aluminium
frame with an upper specimen holder (uSH), including a custom 3 DOF
load cell (F) (Fx,y=max 20 N, Fz=max 50 N; accuracy class: 0.5%; ME-
Meßsysteme GmbH, Henningsdorf, Germany) and an adjustable
counter-weight (CW) to prevent an unintentional load application to
the small sample mounted on the uSH due to the tare weight of the
testing apparatus. At the upper end of the uSH, weights (W) were
placed to apply a constant axial load FN. A computer-controlled linear
motor (xMot) (M-404.4PD, Physik Instrumente PI GmbH & Co. KG,
Karlsruhe, Germany) was mounted underneath the uSH carrying the
sliding counter surface of femoral cartilage or glass, representing the
lower sample holder (lSH).

Additionally, a contactless laser distance sensor (LS) (ILD 2220-20,
MicroEpsilon, Ortenburg, Germany) was mounted on the aluminium
frame, continuously recording the specimen deformation.

A custom-made LabVIEW program (LabVIEW, National
Instruments, Austin, USA) was used to control the motor and for data
acquisition.

2.2.3. Testing protocol
Before each test, the cylindrical samples (FibroFix™ Meniscus

scaffold: S, meniscus: M, tibial cartilage: TC) were fixed in the uSH
of the friction-testing apparatus in randomised order. On the first
experimental day, each sample was tested against the flat femoral
cartilage sample as the opposing surface.

After starting the testing software, weights of approx.1.5 kg were
placed on the uSH, inducing a constant load FN of 14.6 N. This load
corresponds to a contact pressure of 0.5 MPa, which is representative
of light physiological loading conditions in quadrupeds during walking
[36,37]. The lower sample was slid against the uSH for 250 cycles at a
velocity of 1 mm/s with a stroke length of ± 15 mm until the equili-
brium was reached, resulting in a total testing time of 125 min. During
testing, the friction force FR and normal force FN were continuously
recorded from the 3 DOF load cell at a sample rate of 100 Hz.

On day two and after a recovery time of > 12 h in PBS at 4 °C
without any load application, the friction tests were repeated against
glass, which was typically used as a counter surface in friction studies.
The tests on both days were performed at a room temperature of
approximately 20 °C and a humidity of approximately 34% using
bovine synovial fluid as a lubricant. Here, special attention was payed
that the samples were fully covered with lubricant throughout the
entire testing period to prevent sample dehydration. Consequently,
additional lubricant was provided when deemed necessary. All samples
and biological materials were brought to room temperature before
testing.

To evaluate the frictional behaviour, the friction coefficient at the
beginning of the experiment (µ0) and after reaching the equilibrium
(µeq) as well as the strains (ε0 and εeq) at the respective times was
determined. The friction coefficients µ0 and µeq were calculated using
the quotient of the friction force FR and normal force FN recorded
during the first and the last three cycles of the experiment, respectively.
The strains were determined by dividing the deformation recorded by
the LS by the initial sample height h0.

2.3. Lubricin analysis

After reviewing the initial friction experiments, the results indicated
that the friction coefficient at equilibrium was higher for articular
cartilage than for meniscus when tested against glass. We speculated
that a difference in the surface structure of the two tissues may be
responsible for this. Because surface lubricin has been attributed an
important role in low friction of joints [26,38,39], we decided to
investigate the lubricin content on the surface of the meniscus and
articular cartilage of additional bovine knee joints. Cylindrical meniscal
samples (ø=6 mm) were taken from the anterior horn of the medial
meniscus (n=10) while cylindrical tibial cartilage samples were
obtained from both the eminentia intercondylaris (n=6) and the tibia
plateau (n=6).

To detect the native form of bovine lubricin, 6.8 µm cryosections of
the samples were cut and stained immunohistologically using a
monoclonal mouse anti-bovine lubricin antibody (clone 3A4, MD
Bioproducts, Zurich, Switzerland). As a secondary antibody, biotin-
conjugated anti-mouse immunoglobulin was used as well as the
detection kit LSAB-universal kit (K0690, DAKO, Hamburg, Germany)
with horseradish peroxidise-conjugated streptavidin, as described by
the manufacturer's protocol.

To quantify the amount of lubricin, the length of the positively
stained tissue surface was determined using the image analysis soft-
ware AxioVision 4.8.2 (Zeiss, Oberkochen, Germany) and related to the
total length of the tissue in one histological slide for each specimen.

Fig. 3. Pin-on-plate friction-testing device. A constant normal load (FN=14.6 N) was
applied by placing weights (W) to the upper sample holder (uSH), on the end of which
the cylindrical samples (meniscus M, silk fibroin scaffold S, tibial cartilage TC) were
mounted. During testing, the lower sample holder (lSH) with the femoral cartilage (FC)
or glass (G) sample was sliding against it, driven by a linear motor (xMot). A force sensor
(F) recorded the resulting friction force FR, while a contactless laser distance sensor (LS)
additionally measured the displacement signal of the cylindrical samples. Counter-
weights (CW) served as prevention for unintentional load application due to the tare
weight of the testing apparatus to the cylindrical samples.
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2.4. Statistics

All recorded and calculated friction data were classified into six
groups (each n=7) depending on the material pairings: meniscal
scaffold vs. femoral cartilage; meniscal scaffold vs. glass; native
meniscus vs. femoral cartilage; native meniscus vs. glass; tibial
cartilage vs. femoral cartilage; tibial cartilage vs. glass. As the friction
coefficients for each group at the onset of the test (µ0) and after
reaching the equilibrium (µeq) as well as the strains at these two
different time points (ε0 and εeq, respectively) were normally dis-
tributed (normal probability plot, Shapiro-Wilk test [40]), the data
were averaged. All further statistical analyses were performed using
GraphPad Prism® software (GraphPad Software, Inc., La Jolla, USA).

To compare the frictional behaviour of all cylindrical samples
depending on the opposing surface, one-factor analysis of variance

(ANOVA) with uncorrected Post-Hoc Fisher's LSD tests with a single
pooled variance were performed. To detect differences according to the
opposing surfaces as well as to obtain information on the time-
dependent changes in friction coefficients, two-factor ANOVA with
repeated measures were conducted. Due to the testing procedure, there
were two strain values per cylindrical sample, one measured when
tested against femoral cartilage and one when tested against glass. To
exclude any influence of the opposing surface on the strain, the
difference between each cylindrical sample according to the opposing
surface was determined by performing paired t-tests.

The amounts of lubricin determined from the evaluation of the
lubricin analysis were classified into three groups according to each
sample's localisation: meniscus, eminentia intercondylaris, and tibial
plateau. Because these values were normally distributed (Shapiro-Wilk
test [40]) for each group, the data were averaged and the differences

Fig. 4. Box plot with median, minimum and maximum values of the equilibrium friction coefficient µeq of all cylindrical samples (meniscus, tibial cartilage and the meniscal scaffold)
obtained during testing against the femoral cartilage sample (A) and glass (B) and their comparison (C). *p < 0.05 n=7.

Fig. 5. Box plot with median, minimum and maximum values of the friction coefficient determined at the onset of the test µ0 in comparison to that obtained after reaching the
equilibrium µeq with femoral cartilage (A) and glass (B) as the counter surfaces. *p < 0.05, n=7.
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between the three localisations were determined by an ordinary one-
way ANOVA with an additional uncorrected Fisher's LSD test.

In all cases, a significance level was set at p < 0.05.

3. Results

3.1. Friction study

The silk fibroin scaffold reached an equilibrium friction coefficient
µeq when sliding against femoral cartilage of 0.056 ± 0.012, which was
significantly higher in comparison to the physiologically articulating
surfaces of both the meniscus against cartilage (µeq=0.021 ± 0.006, p <
0.0001) and the cartilage against cartilage (µeq=0.014 ± 0.007, p <
0.0001) (Fig. 4, A). Using glass as the opposing surface, the µeq of all
material pairings were significantly higher compared to the friction
coefficients obtained with the physiological counter surface (meniscus
vs. glass: 0.100 ± 0.058, p=0.0032; tibial cartilage vs. glass: 0.215 ±
0.065, p < 0.0001; silk fibroin scaffold vs. glass: 0.446 ± 0.047, p <
0.0001) (Fig. 4, C). Additionally, with the glass as opposing surface,
there was a significant difference between the pairings, with the µeq of
tibial cartilage being higher compared to meniscus (p=0.0022). In
contrast, when using cartilage as the opposing surface, no significant
difference was observed between meniscus and tibial cartilage
(p=0.1815) (Fig. 4, B).

For the tibial cartilage samples, the µeq increased most by almost
15 times when using glass as the opposing surface in comparison with
cartilage, while for the meniscus and the replacement scaffold this
increase with glass was approximately 4.5 and 8 fold higher, respec-
tively.

The three cylindrical samples revealed no significant changes with
time in comparison with the friction coefficient µ0 determined at the
experimental onset when tested against femoral cartilage (meniscus:
µ0=0.030 ± 0.012, µeq=0.021 ± 0.006, p=0.060; tibial cartilage:
µ0=0.019 ± 0.010, µeq=0.014 ± 0.007, p=0.293; silk fibroin scaffold:
µ0=0.057 ± 0.012, µeq=0.056 ± 0.012, p=0.906) (Fig. 5, A). In con-
trast, their equilibrium friction coefficient µeq of was significantly
increased in comparison to the initial friction coefficient µ0 when
tested against glass (meniscus: µ0=0.023 ± 0.030, p=0.0056; tibial
cartilage: µ0=0.009 ± 0.006, p < 0.0001, silk fibroin scaffold µ0=0.384
± 0.070, p=0.0131) (Fig. 5, B).

The strains of all the cylindrical samples displayed an increase over
time until an equilibrium was reached, which is a typical behaviour for
biphasic materials in an unconfined creep configuration (Fig. 6). With
regard to the three types of cylindrical sample, the equilibrium strain
value εeq was lowest of the scaffold at 0.269 ± 0.178 and 0.219 ± 0.133
when tested against femoral cartilage and glass, respectively. The
highest strain level at equilibrium (εeq) was attained by the meniscus
samples at 0.339 ± 0.042 and 0.363 ± 0.034 when tested against
femoral cartilage and glass, respectively. Furthermore, the strain values
obtained when testing against femoral cartilage on day 1 and against

glass on day 2 did not differ significantly (meniscus: p=0.247, tibial
cartilage: p=0.200, scaffold: p=0.121).

3.2. Lubricin analysis

Approximately 80% of the meniscus surface was covered with
lubricin (Fig. 7, A). Therefore, the superficial lubricin deposition on
meniscus was significantly higher than on the cartilage samples from
the medial tibial plateau (p=0.0266) and the eminentia intercondylaris
(p < 0.0001). The least lubricin was found at the tibial eminence, where
< 20% of the surface was positively stained (Fig. 7, B).

4. Discussion

The silk fibroin scaffold tested in the current study exhibited
equilibrium friction coefficients that were significantly different to that
of physiologically articulating surfaces when tested against articular
cartilage. This refutes the first hypothesis. However, the resultant
friction coefficient after > 2 h testing (µeq=0.056) was still within the
range of the basic requirements of tribological properties for meniscal
substitutes, further elaborated by Rongen et al. [13]. Within these
requirements, the friction coefficient is proposed to be as similar as
possible to those of the meniscus and to be ≤0.05. However, testing
against glass, which was typically performed in most previous friction
studies [19,22,25,28,32], led to a significant increase in the friction
coefficient of meniscus (µeq=0.100), articular cartilage (µeq=0.215) and
silk fibroin scaffold (µeq=0.446). Similar high friction coefficients were
also demonstrated by Galley et al. for a polyurethane scaffold as a
meniscal replacement when tested against glass (µeq≅0.5) [32].

The large differences between the friction coefficients when testing
against femoral cartilage and glass demonstrated in the current study
are most likely attributable to the lack of pressurisation of the
interstitial fluid in both non-biological tissues (i.e. the silk fibroin
scaffold and the opposing glass surface) [22]. Previous studies have
shown that the friction coefficient of cartilage increases with time when
tested against a non-biologic material like glass from a mean of
µ0=0.01 to µeq=0.25 [19,22–25,32]. This phenomenon results from
the fluid load support, which decreases with time from almost 100% at
the test onset to almost 0% once equilibrium is reached [19,20,22,34].
Assuming the tissue that bears the load is responsible for the friction, it
becomes clear that the fully pressurised fluid creates the observed low
friction coefficient at the time of load application. During the creep
process, a continuous transfer of the load from the fluid to the solid
matrix occurs with full support provided by the solid matrix after
reaching equilibrium. Hence, in this state, the solid matrix is mainly
responsible for the increased friction coefficient. Therefore, provided at
least one of the opposing surfaces is of cartilaginous tissue, a low initial
friction coefficient is achieved, which is not the case for scaffold against
glass.

Nevertheless, the friction coefficient of tibial cartilage determined

Fig. 6. Strains of all cylindrical samples (mean ± standard deviation) tested against the flat femoral cartilage samples (filled data points) and glass (empty data points). All strain values
displayed an increase with time until an equilibrium was reached, which was typical for an unconfined creep configuration.
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in the current study against glass (µeq=0.215 ± 0.065) fits well to
previously published value ranges [19,22]. This in turn emphasises the
validity of the friction-testing apparatus and therefore of the results in
the present study.

Interestingly, the friction coefficient resulting when cartilage was
the opposing surface was always significantly less in comparison with
glass as the opposing surface, which confirmed the second hypothesis.
In addition, it emphasises the importance of choosing appropriate
articulating surfaces to obtain relevant friction coefficients for joints.
This in particular applies to the characterisation of the frictional
behaviour of materials for meniscal replacement to assess whether
future implants also ensure a long-term chondroprotective function.

In contrast to the friction coefficient determined when glass was the
opposing surface, no increase in friction with time could be detected
when the tests were performed against cartilage. This was true for both
the biological tissues, cartilage and meniscus, and also for the silk
fibroin scaffold. The main reason for the constant low friction was the
choice of the opposing surface. The testing configuration of a flat
opposing cartilage surface sliding against a constantly loaded pin
allows a cyclic loading of the flat cartilage sample. While the tissue in
the uSH was permanently loaded, the contact area on the opposing flat
cartilage sample moved along the sample and was, therefore, loaded
only for the time the upper cylindrical sample needed to pass one
sample diameter. This enabled the different regions of the flat cartilage
samples to recover before the pin loaded that region again and
consequently no creep occurred. Due to the biphasic ultrastructure of
the biological samples, the fluid phase supported the applied load
during the entire experiment. Shi et al. and Caligaris et al. both
demonstrated a similar constant, low friction coefficient with time for
a cartilage-on-cartilage testing configuration [19,21]. Shi et al. tested
an aluminium pin against a cartilage disc (AC configuration) and no
increase in friction with time was detectable, as well. This AC
configuration is comparable to the scaffold against cartilage configura-
tion we tested in the present study, whereby no increase in the friction

was similarly observed. In addition, Shi et al. estimated the corre-
sponding fluid load support, which remained > 80% during the
experiment. This result supports the evidence of the fluid pressurisa-
tion theory and specifically it's important role in friction studies.

The meniscus samples also displayed an increase in friction with
time when tested against glass, but reached a significantly reduced
equilibrium friction value compared to articular cartilage. The menis-
cus and articular cartilage vary considerably in their extracellular
matrix composition, in particular, the type of collagen and the amount
of proteoglycans. While the articular cartilage is composed of collagen
type II, the meniscus mainly consists of collagen type I and has only
10% of the proteoglycan content of articular cartilage [1–4]. However,
when considering the friction properties, it is logical to pay closer
attention to the tissue's surface properties. Therefore, we additionally
assessed the lubricin content on the surface of the bovine meniscus, the
articular cartilage from the eminentia intercondylaris and from the
tibia plateau. We found that 80% of the meniscus surface was covered
with lubricin. In contrast, only 60% of the tibia plateau and 20% of the
eminentia intercondylaris were covered with lubricin. These results
correlate with the lower friction coefficient of the meniscus compared
to articular cartilage observed in the current study (Fig. 5, B).

4.1. Limitations

The test setup was designed according to a pin-on-plate configura-
tion. Therefore, flat cartilage samples had to be harvested from the
three-dimensionally convex shaped femoral condyles. Consequently,
any small unevenness in the surface of the flat cartilage may have
affected not only the friction force but also the strain measurements.
However, the displacement signal of each cylindrical sample deter-
mined by the contactless laser distance sensor LS and the resultant
strain values displayed no statistical difference when tested against
cartilage or the smooth glass surface (p≥0.15).

Fig. 7. Mean percentage and standard deviation of the lubricin coverage of the tissue surface of the meniscus (n=10), tibial plateau (n=6) and tibial eminence (n=5) covered with
lubricin; *p < 0.05 (A) and a representative histological slide of each surface (B). Lubricin is stained in red. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article).
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4.2. Conclusion

The current study presents for the first time a characterisation of
the frictional properties of a meniscal replacement material. The
friction coefficient of a scaffold based on silk fibroin was higher
compared to the physiologically articulating surfaces, but still within
the range of the basic requirements for meniscal substitutes [13].
Whether this enables silk fibroin scaffold to provide a long-term
chondroprotective function has to be confirmed in vivo. Interestingly,
it could also be shown that glass as the opposing surface is not
appropriate for friction testing of implants, as it produces significantly
higher friction coefficients than occurring in the physiological environ-
ment. Glass may be useful to perform comparative studies on different
biomaterials. However, investigating physiologically relevant friction
coefficients occurring in a synovial joint requires the use of cartilage as
the opposing surface.
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Articular cartilage and meniscus 
reveal higher friction in swing phase 
than in stance phase under dynamic 
gait conditions
Daniela Warnecke   1, Maxi Meßemer1, Luisa de Roy1, Svenja Stein1, Cristina Gentilini2, 
Robert Walker2, Nick Skaer2, Anita Ignatius1 & Lutz Dürselen   1

Most previous studies investigated the remarkably low and complex friction properties of meniscus 
and cartilage under constant loading and motion conditions. However, both load and relative velocity 
within the knee joint vary considerably during physiological activities. Hence, the question arises how 
friction of both tissues is affected by physiological testing conditions occurring during gait. As friction 
properties are of major importance for meniscal replacement devices, the influence of these simulated 
physiological testing conditions was additionally tested for a potential meniscal implant biomaterial. 
Using a dynamic friction testing device, three different friction tests were conducted to investigate 
the influence of either just varying the motion conditions or the normal load and also to replicate the 
physiological gait conditions. It could be shown for the first time that the friction coefficient during 
swing phase was statistically higher than during stance phase when varying both loading and motion 
conditions according to the physiological gait pattern. Further, the friction properties of the exemplary 
biomaterial were also higher, when tested under dynamic gait parameters compared to static 
conditions, which may suggest that static conditions can underestimate the friction coefficient rather 
than reflecting the in vivo performance.

The fibro-cartilaginous menisci play a decisive role within the knee joint. Due to its semi-lunar shape and 
wedge-shape cross section, it increases the contact area between the incongruent articulating surfaces of femur 
and tibia, thereby homogenising the load distribution within the joint1–4. Additionally, it is involved in joint 
stabilisation, nutrient distribution and lubrication1–3,5,6. Due to the high loads up to 3 times bodyweight (BW)7,8, 
which are transmitted through the menisci, it is prone to injuries. Here, the gold standard therapy is still a (par-
tial) meniscectomy, although it has been shown that this can lead to cartilage degeneration in the long-term due 
to both an increase in contact pressure and a greater friction9–13. Consequently, there is an increased need for 
treatment strategies to restore and/or replace the meniscus. Among different research approaches, it is not yet 
possible to replace meniscal tissue by a material that exhibits both satisfying mechanical and tribological perfor-
mance14–16. Here, it is stated in the literature that the tribological properties should mimic that of the native tissue 
as close as possible, thereby friction coefficients less than 0.05 are desirable for a well-functioning replacement 
material17. We recently reported friction coefficients of around 0.056 of a silk fibroin scaffold for partial meniscal 
replacement, which is in the range of the requirements for meniscal replacements postulated by Rongen et al.17,18.

The knee as a synovial/diarthrodial joint is a complex biological and mechanical system, which allows artic-
ulation and movement over millions of load cycles during a lifespan of more than 80 years19. This is granted 
by unique lubrication mechanisms provided by articular cartilage, menisci and synovial fluid and their spe-
cial biphasic ultrastructure1,3,4,20–23. In general, meniscus and cartilage consist of a fluid (water; 70–85%) and a 
solid phase, which is composed of a highly specialized extracellular matrix in each of these tissues1. Both native 
forms of the tissues exhibit remarkably low friction coefficients of partly less than 0.0112,18,23,24, which are, how-
ever, complex as they depend on a variety of parameters, like a variation over time, lubricant, sliding velocity, 
applied normal load and opposing surface19,25–27. Nevertheless, most previous studies investigated cartilage and 
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meniscus friction under constant normal loading conditions and sliding velocities ranging from 0.02–4 MPa 
and 0.1–50 mm/s, respectively18,23,25,26,28,29. Based on these static testing conditions and on the three lubrication  
modes (boundary-, mixed- and fluid lubrication), tribological theories were postulated to describe the low 
friction properties19,28–33. But taking into account that during gait the tibiofemoral contact loads acting parallel 
to the tibial axis (axial load)34 as well as the velocity of femoral and tibial surfaces relative to each other vary  
considerably35–37, it is obvious that the testing conditions used so far do not reflect the conditions typically occurring  
in vivo18,19,28–33. In general, a gait cycle of one leg can be divided into a stance phase (60%) initiated by heel strike 
and terminated by toe-off and a swing phase (40%), respectively. The tibiofemoral contact forces differ consid-
erably between both phases. While a double-peak loading characteristic of 2–3 times BW occur within stance 
phase, the loads during swing phase are much lower34,38,39. Simultaneously, the surfaces of femur, meniscus and 
tibia move relative to each other. During stance phase the knee flexion angle increases from 0° at heel strike to a 
maximum of 15°, while during swing phase the flexion angle rises to approximately 60°34–38. This results in relative 
velocities between the articulating surfaces of 150 mm/s in average during stance- and up to 300 mm/s during 
swing phase19,35, which is far beyond the velocities that were typically used in previous friction studies. To the best 
of our knowledge, there are only two studies assessing the friction of the physiologically articulating surfaces and 
a meniscal replacement material under sinusoidal27 or simulated physiological loading conditions of the knee 
joint, respectively16. However, both used constant sliding velocities of 1 mm/s27 and 4 mm/s16, which were not in 
the range of physiological velocities in the knee joint35,36. Consequently, there is a lack of information in literature 
regarding the influence of both continuously varying the sliding velocity and simultaneously varying loading 
and motion conditions according to a gait cycle on friction coefficient of articular surfaces. Thus, the aim of this 
study was first to investigate the friction properties of the articulating surfaces within the knee joint – meniscus 
and articular cartilage - under testing conditions characteristically occurring within the joint during walking and 
second, to examine the influence of these simulated physiological testing conditions also on a potential bioma-
terial for meniscal replacement and therefore making possible predictions regarding its chondroprotective effect  
in vivo. Therefore, a dynamic friction testing device was developed in a pin-on-plate testing configuration apply-
ing normal, gait-related loading and motion conditions derived from stance- and swing phase to material pairings 
of articular cartilage, meniscus and a silk fibroin based hydrogel scaffold. To quantify the friction properties, the 
friction coefficient µ was identified throughout the tests.

Material and Methods
Sample preparation.  Ten fresh bovine knee joints were ordered from a local butcher and frozen at −20 °C 
until the day before testing. After thawing for 1 day at 4 °C, the knees joints were examined in terms of integrity 
and dissected according to our standard protocol. Cylindrical meniscus and cartilage as well as the flat cartilage 
samples were harvested out of each knee joint as previously described within the static friction study of the silk 
fibroin scaffold using a trephine drill or a biopsy punch (Ø = 6 mm) and a peeler, respectively18. As an additional 
testing material, ten cylindrical samples were punched out of flat sheets (initial height: 4.9 ± 0.2 mm) of material 
for meniscal replacement (FibroFix Meniscus, Orthox Ltd.) using a 6 mm biopsy punch, as well.

Dynamic friction testing device.  To investigate the frictional behaviour of the different material pairings 
under physiological testing conditions, a dynamic materials testing machine (ElectroForce 5500, including a 1 
DOF load cell, 200 N, accuracy class ≤ 1%, WMC-50-456, both BOSE/TA Instruments, New Castle, USA) was 
equipped with a linear motor (linear stage VT-75, PI miCos GmbH, Eschbach, Germany) mounted on a custom-
ized aluminium frame (Fig. 1). The aluminium frame comprised four linear guidances, an intermediate plate, a 
ball cushion, a pin sample holder and a second load cell for measuring the resultant friction force FF (3 DOF, max-
imum Fx,y = 20 N, maximum Fz = 50 N; accuracy class: 0.5%; ME-Meßsysteme GmbH, Henningsdorf, Germany). 
Additional counter weights were installed to prevent any load application to the pin due to the tare weight of the 
frame. The linear motor, carrying the flat cartilage sample within a sample well, moved the plate sample holder in 
reciprocating manner.

Next to quasi-static testing conditions, the dynamic materials testing machine provided dynamic, freely 
configurable load application profiles to the pin. Using this feature, it was possible to generate loading condi-
tions acting in the knee joint during normal level walking at a physiological walking speed of 5 km/h. Hence, a 
double-peak loading regime was applied representing the stance phase (pmax,1 ≅ 0.9 MPa, pmax,2 ≅ 0.8 MPa) fol-
lowed by a low load plateau (p ≅ 0.2 MPa) simulating the swing phase in the knee joint34. Simultaneously, the stage 
motor, driven in a position controlled mode, followed up the distances that were ran over during both phases of 
a gait cycle in a defined period of time of 1.1 s. The input data were defined by assuming a constant radius of the 
femoral condyles of r = 25 mm as well as 15° and 60° as the maximum flexion angles during stance and swing 
phase, respectively. The resultant stroke lengths of 6 mm for stance- and 25 mm for swing phase were calculated 
using the radian measure (1).

π α
=b r

180 (1)

To ensure that both actuators, the linear motor and dynamic materials testing machine, were moving syn-
chronously, every simulated gait cycle a trigger signal was send by the dynamic materials testing machine to a 
custom-made LabVIEW program (LabVIEW, National Instruments, Austin, USA). This software was developed 
to control the linear motor and processes these signals for data acquisition, whereby the applied normal force FN 
and the resultant friction force FF were continuously recorded (sample rate: 100 Hz) to determine the friction 
coefficient µ (2).
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Testing protocol.  As the current study is the first synchronously applying loading and motion conditions 
typically occurring in the knee joint during stance- and swing phase to the mentioned friction pairings, the influ-
ence of just varying normal load FN or velocity v on their friction properties should be additionally addressed. 
Therefore, the testing protocol was divided into three test scenarios (FT-I, -II, -III) conducted on three consecu-
tive days (Fig. 2).

Figure 1.  Dynamic friction testing device consisting of a dynamic materials testing machine (ElectroForce 
5500, including a 1 DOF load cell, 200 N, accuracy class ≤ 1%, WMC-50-456, both BOSE/TA Instruments, New 
Castle, USA) equipped with a linear motor (linear stage VT-75, PI miCos GmbH, Eschbach, Germany), which 
was mounted on an additional aluminium frame (left). This frame was designed out of four linear guidance, an 
intermediate plate, a ball cushion (not shown in detail), the pin sample holder, a second load cell for measuring 
the resultant friction force FF (3 DOF, maximum Fx,y = 20 N, maximum Fz = 50 N; accuracy class: 0.5%; ME 
Meßsysteme GmbH, Henningsdorf, Germany) (right) and additional counter weights (not shown).

Figure 2.  Overview of the three friction test scenarios and the resultant applications of load (FN) and motion: 
(motor) position and the approximated velocity in mm/s.
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Based on the literature showing a decrease in the friction coefficient of articular cartilage when the testing 
velocity exceeds 50 mm/s14,26, on the first experimental day, each cylindrical sample (meniscus M, tibial cartilage 
TC and FibroFix Meniscus scaffold S) was tested against the corresponding flat femoral cartilage sample (FC) 
under constant axial loading conditions (p = 0.5–0.6 MPa, acc. to18) and varying velocities according to stance- 
and swing phase of a human gait cycle with a physiological walking speed of 5 km/h (Fig. 2: FT-I).

To validate the dynamic friction testing device with the literature especially with the two studies investigating 
cartilage and/or meniscus friction as well as the friction properties of a potential material for meniscal replace-
ment16,27, a second friction test (FT-II) was added to the testing protocol. Here, the sliding velocity of the plate was 
kept constant (1 mm/s) as previously done18 and the load application to the pin (FN) varied cyclically according to 
the double-peak loading regime acting during stance phase followed by a low plateau simulating the swing phase 
of a gait cycle (Fig. 2: FT-II).

The third friction test (FT-III) combined both dynamic load and motion application to test the material pair-
ings under conditions best resembling normal gait (Fig. 2: FT-III).

This resulted in a total of three tests per friction pairing (e.g. TC1/M1/S1 vs. FC1) each with a testing duration 
set to 20 minutes. Throughout the whole testing period, special attention was paid that all samples had the same 
recovery time without any load application once between each test within a test scenario (FT-I, -II, -III) but also 
between the test scenarios themselves (>12 h in PBS at 4 °C). The tests were performed at room temperature of 
approximately 24 °C and a humidity of approximately 21%. Ovine synovial fluid aspired from skeletally healthy 
knee joints directly after slaughtering, served as a lubricant. Throughout the testing period, care was taken that 
the samples were fully covered with lubricant.

Statistics.  The friction coefficient µ (µ = FF/FN) was determined at the onset (µ0) and at the end of the test-
ing duration of 20 minutes (µend) using a customized MATLAB script. (MATLAB R2013b, The MathWorks Inc., 
Natick, USA,). Therefore, µ of the first and last three simulated gait cycles were averaged for µ0 and µend, respec-
tively, each additionally separated for stance- and swing phase.

Based on the previous static friction study18, a power analysis was performed to detect differences in the 
friction coefficient between the friction pairings (M, TC, S vs. FC) using G*Power40. A total sample size of 5 was 
calculated to get an actual power of 0.99. Due to the complexity of the defined testing protocol, the maximum 
calculated samples size was doubled leading to a final total samples size of n = 10.

All further statistical analyses were performed using GraphPad Prism® software (GraphPad Software Inc., La 
Jolla, USA).

	 1.	 The effect of the testing duration on the friction coefficient (here the comparison of µ0 and µend) of the dif-
ferent friction pairings (M, TC, S vs. FC) within each specific test scenario (FT-I, -II, -III), were evaluated 
using repeated measures one-way Analyses of Variances (ANOVA) with Sidak’s post hoc test for multiple 
comparison, if the data were normally distributed. Otherwise, the nonparametric Friedman test with 
Dunn’s post hoc test for multiple comparison were conducted.

	 2.	 To determine differences in the friction coefficient of stance- and swing phase due to the different load 
patterns in the test scenarios (FT-I vs. FT-II vs. FT-III) for each friction pairing (M, TC, S vs. FC), one-way 
ANOVAs with Sidak’s post hoc test for multiple comparison were performed, if the data were normally dis-
tributed. Otherwise, the nonparametric Friedman test with Dunn’s post hoc test for multiple comparison 
were conducted.

	 3.	 To compare the friction coefficients of stance- and swing phase between the friction pairings (M, TC, S 
vs. FC) for each test scenario (FT-I, -II, -III), mixed-effects analysis (REML) with Tukey’s post hoc test for 
multiple comparison were accomplished.

The statistical significance level was set to p < 0.05.

Results
A summary of all friction coefficients (µ0 and µend) obtained during the three test scenarios (FT-I, -II, -III) sep-
arated for both phases of a gait cycle, stance- and swing phase as well as for the friction pairings: tibial cartilage 
(TC), meniscus (M) and the silk fibroin scaffold (S) each against a flat, femoral cartilage sample (FC) are given in 
Table 1 as mean ± standard deviation (SD). Here, the three different test scenarios were established to determine 
the influence of only varying the sliding velocity (FT-I) or normal force FN (FT-II) according to the motion and 
loading conditions during gait, and finally the combination of both as the most physiological friction test (FT-III).

The evaluation of the fiction coefficient revealed no time-depended differences (µ0 vs. µend) for each mate-
rial pairing (M, TC or S vs. FC). This was also true for each of the three test scenarios (FT-I, -II, -III; Fig. 3). 
Consequently, all other analyses and comparisons were performed using the friction coefficient determined after 
20 minutes testing (µend).

No differences between the friction coefficients obtained during simulated stance- and swing phase could be 
found for both cartilaginous tissues, meniscus and tibial cartilage, each tested against flat cartilage samples when 
varying only the velocity (FT-I) or normal load (FT-II). Interestingly, this changed as soon as both testing param-
eters synchronously varied as it occurs during a physiological gait cycle (FT-III). Here, the simulated low-loaded 
swing phase revealed significantly higher friction coefficients than the stance phase (Fig. 3, left and central 
column). Additionally, the friction coefficient of meniscus against cartilage (M vs. FC) was highest for FT-III 
(0.030 ± 0.008) during swing phase in comparison to the other two load scenarios (FT-I and –II, 0.017 ± 0.006 
and 0.017 ± 0.012, respectively), while during stance phase no differences in friction could be found for each of 
the three different test scenarios (p ≤ 0.05; Fig. 4b). However, the cartilage against cartilage pairing remained in 
general uninfluenced by the different load scenarios for both, stance- and swing phase (Fig. 4a). The silk fibroin 
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scaffold tested against cartilage showed in general higher friction coefficients under FT-II conditions (averaged 
stance phase: µ = 0.069 ± 0.011 and swing phase: µ = 0.107 ± 0.021; Fig. 3, right column), which was additionally 
statistically significant in comparison to FT-I and FT-III (0.038 ± 0.009 and 0.047 ± 0.020, respectively) during 
swing phase (Fig. 4c).

Testing the material pairings either under constant loads but varying velocities (FT-I) or inversely varying 
the normal forces FN according to the loading conditions during normal walking at 5 km/h but maintaining a 
constant velocity (1 mm/s, FT-II), the silk fibroin scaffold revealed the highest friction coefficients in comparison 
to tibial cartilage- and meniscus samples, for both, stance- and swing phase, respectively (Fig. 5a,b). This was also 
true during stance phase when testing under simulated physiological loading and motion conditions (FT-III, 
Fig. 5c). Even though, the scaffold showed a higher friction coefficient by tendency also during swing phase, no 

FT-I

TC vs. FC M vs. FC S vs. FC

Stance- & swing phase Stance- & swing phase Stance- & swing phase

µ0 0.022 ± 0.012 0.025 ± 0.010 0.019 ± 0.008 0.017 ± 0.005 0.034 ± 0.013 0.036 ± 0.014

µend 0.018 ± 0.005 0.024 ± 0.009 0.020 ± 0.006 0.017 ± 0.006 0.036 ± 0.011 0.038 ± 0.009

FT-II

µ0 0.021 ± 0.013 0.027 ± 0.018 0.026 ± 0.024 0.030 ± 0.028 0.077 ± 0.041 0.122 ± 0.058

µend 0.013 ± 0.010 0.019 ± 0.021 0.015 ± 0.010 0.017 ± 0.012 0.061 ± 0.034 0.092 ± 0.046

FT-III

µ0 0.018 ± 0.005 0.032 ± 0.013 0.015 ± 0.009 0.033 ± 0.007 0.042 ± 0.017 0.043 ± 0.021

µend 0.019 ± 0.005 0.029 ± 0.009 0.016 ± 0.007 0.030 ± 0.008 0.057 ± 0.019 0.047 ± 0.020

Table 1.  Summary of all friction coefficients (mean ± standard deviation) obtained during the three different 
test scenarios: FT-I (FN = const., v acc. to gait cycle), -II (FN acc. to gait cycle, v = const.) and –III (FN and v acc. 
to gait cycle) for the friction pairings: tibial cartilage (TC), meniscus (M) and the silk fibroin scaffold (S) each 
against a flat, femoral cartilage sample (FC).

Figure 3.  Comparison of the friction coefficients (median with raw data) for each material pairing (M, TC, S 
vs. FC, divided by column) obtained in the three different friction test scenarios (FT-I: FN = const., v acc. to gait 
cycle, FT-II: FN acc. to gait cycle, v = const., FT-III: FN and v acc. to gait cycle, divided by rows). *p ≤ 0.05 with a 
minimum actual power of 70.1% (FT-II scaffold vs. femoral cartilage).

https://doi.org/10.1038/s41598-019-42254-2


6Scientific Reports |          (2019) 9:5785  | https://doi.org/10.1038/s41598-019-42254-2

www.nature.com/scientificreportswww.nature.com/scientificreports/

statistical differences were detected. The friction coefficient of meniscus and tibial cartilage each against femoral 
cartilage did not differ statistically during all three test scenarios.

Discussion
For the first time we were able to assess friction coefficients of the articulating surfaces of the knee joint, meniscus 
and articular cartilage, under simulated physiological loading and motion conditions occurring during normal 
walking. Additionally, a silk fibroin scaffold was used for testing to investigate the influence of these new testing 
conditions on a potential material for meniscal replacement.

When tested under physiological testing conditions (FT-III), the friction coefficients for both cartilaginous tis-
sues, tibial cartilage and meniscus, each tested against cartilage (TC/M vs. FC) were higher during the low-loaded 
swing phase (TC vs. FC: 0.029 ± 0.009, M vs. FC: 0.030 ± 0.008) than during the high-loaded stance phase (TC 
vs. FC: 0.019 ± 0.005, M vs. FC: 0.016 ± 0.007). Although this phenomenon appears contradictory, Majd et al. 
and Krishnan et al. showed an increase in friction within low-loaded phases, as well16,27. Krishnan et al. simul-
taneously detected negative values of the fluid load support WP/W of less than −1.7527 and consequently made 
the assumption that suction might occur between the cartilage and the counter glass platens16,27. This addition-
ally led to an increased solid-to-solid contact force, resulting in higher friction coefficient, although the applied 
normal force is smallest27. Thus, once the load is rapidly decreased, the contact between the loaded cartilage-pin 
and glass after a long load application might lead to a sticking of the cartilage to the glass plate. Even if in both 
studies (inter alia) an impermeable opposing surface (e.g. glass) was used16,27, this phenomenon could also be 
observed with flat cartilage samples as counterpart during the current study especially in FT-III (and FT-II for 
S vs. FC), when dynamically varying the axial load. Despite the fact that Krishnan et al. and Majd et al. applied 
a constant velocity of 1 mm/s and 4 mm/s16,27, respectively, which is far below the surface velocities in the knee 
joint of 50–300 mm/s.35, their testing conditions compared well with our second friction test (FT-II) also carried 
out at 1 mm/s. Here, the silk fibroin scaffold generally showed the highest friction coefficients, which were again 
significantly increased within the low-loaded swing phase (0.092 ± 0.046; stance phase: 0.061 ± 0.034). This is 
again in line with the study of Majd et al. evaluating the friction properties of another potential material for 
meniscal repair under similar conditions. These authors found a more than 15-fold higher friction coefficient of 
the replacement material during swing phase than during stance phase (approximately 0.7 vs 0.04), while during 
swing phase µ of the silk fibroin based hydrogel scaffold tested in the current study was only 50% higher16. In 
consideration of the different lubricants used of Majd et al. and the current study (solution of PBS and different 
lubrication molecules vs. synovial fluid, respectively), the obtained results fit nevertheless quite well to the results 
of the referenced study (stance phase: 0.06 vs 0.04), which showed the validity of the testing device.

Figure 4.  Comparison of the friction coefficients (µend) obtained for each material pairing: tibial cartilage (a), 
meniscus (b) and scaffold (c) each against femoral cartilage within the three different friction test scenarios 
(n = 8–10, mean ± standard deviation and raw data; ○ FT-I, *FT-II, • FT-III), *p ≤ 0.05 with a minimum actual 
power of 96.1% and 73.1% for the comparisons the meniscus and scaffold friction coefficient, respectively.

Figure 5.  Comparison of the friction coefficients (µend) obtained within each friction test scenarios (○ FT-I: A, 
*FT-II: B, • FT-III: C) for the different material pairings (TC, M, S vs. FC; n = 8–10, mean ± standard deviation 
and raw data) *p ≤ 0.05 with an actual power of approximately 99%.
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Next to the soaking effect and the resultant rise in the friction coefficient when the applied force rapidly 
decreases at the transition of stance- and swing phase, it is also known that a quite thick fluid film of approxi-
mately 1.6 µm can be formed during swing phase19,35 that is much larger than the average surface roughness of 
articular cartilage (Ra = 200 nm). Transferring these to the simulated gait conditions (FT-III) of the current study, 
it can be concluded that together with the assumed high Hersey number (low normal load and high velocity), 
hydrodynamic lubrication occurs in the swing phase19,26. This fluid film is subsequently squeezed out due to the 
rapid increase in load at ‘heel strike’ with beginning of the stance phase. Since, this load application has an impact 
characteristic (<0.1 s), the fluid film is pressurised but can be preserved between the deformable bearing material 
of meniscus and/or cartilage. Taking the identified low friction coefficient in the upcoming stance phase of <0.02 
into account, elasto-hydrodynamic lubrication can be assumed as this is the lubrication mode of least friction 
coefficient in the Stribeck curve19. Throughout a stance phase of low velocity-to-load ratio, the synovial fluid still 
separates the articulating surfaces until ‘toe off ’ and the initiation of the next swing phase. The distinct lubrication 
mechanisms of elasto-hydrodynamic- and hydrodynamic lubrication within the simulated stance- and swing 
phase can consequently be an explanation for the obtained differences in the friction coefficients between these 
gait phases when testing under physiological loading and motion conditions (FT-III). However, tibial cartilage 
samples were rather uninfluenced by the three different loading scenarios. The cartilage – cartilage friction pair-
ing indeed showed by tendency the lowest friction coefficient of approx. µ = 0.013 during stance- and µ = 0.019 
during swing phase and when testing under varying loading (FT-II) conditions, while µ was nearly identical 
during FT-I and FT-III (stance phase: p = 0.6415, swing phase: p = 0.3163). This indicates that additionally vary-
ing the velocity in a physiological range affect cartilage friction. The authors speculate that a reason might be the 
differences in the extracellular matrix (ECM) compositions of articular cartilage and meniscal tissue. Since with 
progressive duration of friction testing, the interstitial fluid of the loaded cylindrical samples (pin) of both tissues 
is squeezed out, the applied load is carried by their ECM and is therefore responsible for the friction coefficient. 
While the ECM of articular cartilage is composed of 5–10% wet wt. of proteoglycans (PG), meniscal tissue con-
tains only a fifth of this1. Additionally, their main collagen type differ, as well: articular cartilage: 10–20% wet wt. 
collagen type II vs. meniscal tissue: 15–25% wet wt. collagen type I, which may alter the resistance to high veloc-
ities and consequently shear forces of the tissue1–4.

It was already shown that the friction coefficients of meniscus and cartilage are multifactorial depending on 
several parameters and operating conditions26 rather than being just a material constant as described within 
Coulomb’s friction law. Consequently, the mechanisms of the mentioned lubrication modes will significantly 
differ depending on the testing parameters, as well26,41. Although, it is important to perform friction tests under 
clearly defined static testing and lubrication regimes26, one should be aware that such data do not perfectly reflect 
the friction coefficients occurring in vivo, e.g. during gait. This is supported by the literature as there is a general 
consent that (elasto-)hydrodynamic- but also mixed lubrication mechanisms can synergistically contribute to the 
remarkably low friction properties of the joint19,42 as the loading and motion conditions vary considerably within 
a normal gait cycle.

As a potential material for meniscal replacement, a silk fibroin based hydrogel scaffold was additionally tested 
under the three different testing conditions (FT-I, -II and –III). In a previous study, the scaffold already showed 
friction coefficients of 0.056, which was higher than friction of native meniscus (µ = 0.021) but in the range of the 
requirements for meniscal replacement postulated by Rongen et al.17. Within the current study the material met 
these requirements again also under simulated gait conditions (FT-III: 0.057 ± 0.019 and 0.047 ± 0.020 for stance 
and swing phase, respectively).

Since the physiological testing conditions revealed higher friction coefficients for meniscal tissue especially 
within the simulated swing phase of almost 0.030, this suggests that static testing methods as reported in the lit-
erature with friction coefficients of less than 0.01 can underestimate friction coefficients rather than reflecting the 
complex in vivo performance. This might especially be important for potential replacement materials and their 
prediction regarding their chondroprotective effect in vivo.

For all three tests (FT-I, -II, -III) in general, no time-depended differences in the friction coefficient (µ0 vs. 
µend) could be observed for each material pairing (M, TC or S vs. FC) either during stance- or during swing phase. 
However, this was not surprising as previous studies already showed that if the moving opposing surface (plate) 
is cartilaginous, no increase in friction will develop18,23,43. Consequently, the interstitial fluid pressurization was 
maintained in all three test scenarios as well as for all material pairings. While the pin was loaded throughout 
the whole test, the moving contact area of the flat cartilage surface (plate) was able to recover during the time of 
unloading before it was loaded again. Therefore its fluid phase supported the load during the whole testing dura-
tion and thus, the friction coefficient remained at the observed low level.

Limitations.  The friction testing device developed in the current study was designed according to a 
pin-on-plate configuration. Using this test setup, it was possible to apply loads and velocities occurring in the knee 
joint during normal walking. However, it is a simplification of the complex joint kinematics as the combined roll-
ing and sliding motion coexisting during flexion and extension of the knee joint is not considered. Nevertheless, 
using a “rolling-gliding wear simulator” it was already shown that during rolling, and rolling with slip motion, 
the signs of wear were least when testing different artificial material pairings44. Consequently, the main part of 
friction occurs during sliding, which was considered within the dynamic friction testing device investigated in 
the current study. Nevertheless, to further take the rolling and sliding within the knee joint into account during 
friction analysis, a pendulum friction simulator would be an alternative test setup. The advantage of this test setup 
is that the entire knee joint is tested and therefore considered as one biomechanical and tribological system, pre-
serving the physiological geometries and joint kinematics45–47. However, this also represents a disadvantage, since 
no distinction can be made between friction properties of cartilage and/or meniscus.
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Conclusion.  The current study presents new insights in joint friction mechanics as it showed significantly 
lower friction coefficients during simulated stance- than during the low-loaded swing phase. This phenome-
non was observed for meniscus and articular cartilage only when testing under conditions with varying both 
normal load and velocity as it appears during gait. The high velocities occurring in the swing phase may cause 
a transition from elasto-hydrodynamic to hydrodynamic lubrication and therefore, increased friction coeffi-
cient. Consequently, due to the multifactorial characteristics of cartilage and meniscus friction, the current study 
emphasizes the need of adding friction tests under physiological testing conditions to the tribological character-
isation of materials relevant for joints and especially for potential meniscal or cartilage replacement materials. 
Thereby, the tested silk fibroin based hydrogel scaffold matched the friction coefficient as demanded in the basic 
requirements for meniscal replacement materials.
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