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Abstract (186 words)

The Mechanical characterization of skeletal musdsestrongly dependent on numerous
experimental design factors. Nevertheless, sigmticknowledge gaps remain on the
characterization of muscle mechanics and a largmbeu of experimentsshould be
implemented to test the influence of a large nundidiactors. In this study, we propose a
design of experiment method (DOE) to study the ipatar sensitivity while minimizing the
number of tests. A Box-Behnken design was thenemphted to study the influence of strain
rate, preconditioning and preloading conditionsvi@to-hyperelastic mechanical parameters
of two rat forearm muscles. The results show thatstrain rate affects the visco-hyperelastic
parameters for both muscles. These results arastenswith previous work demonstrating
that stiffness and viscoelastic contributions iasee with strain rate. Thus, DOE has been
shown to be a valid method to determine the eftécthe experimental conditions on the
mechanical behaviour of biological tissues suchkatetal muscle. This method considerably
reduces the number of experiments. Indeed, thepted study using 3 parameters at 3 levels

would have required at least 54 tests per mus@asigl4 for the proposed DOE method.

1. Introduction

Skeletal muscle is a complex tissue that can bectffl by numerous neurological and
musculoskeletal diseases. Relevant constitutiveetsathn allow for the monitoring and the
understanding of a disease development. To this @igdificant research efforts have been
made to understand its biomechanical properties.th&t tissue scale, the majority of
experimental studies are made by using uniaxidinggsmachines. Whole or sectioned
muscles were thus both subjected to either ter{(§laivo et al., 2010; Mohammadkhah et al.,

2016; Wheatley et al., 2016a) or compression (Bél.e2014; Jalal and Zidi, 2018; Pietsch et
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al., 2014). Muscle tissue exhibits a highly nordindehaviour and may be described by
hyperelastic (Calvo et al., 2010; Gras et al., 20bkansson et al., 2000; Latorre et al., 2018)
and visco-hyperelastic (Calvo et al., 2014; Grasalet 2013; Van Loocke et al., 2008;
Wheatley et al., 2016a) constitutive laws. Notet ttiee experimental conditionsould
influence the mechanical behaviour of muscle tissueh as strain rate, preloading,
preconditioning, hydration, lubrication, ambientnfgerature, sectioning, bathingtc.. No
experimental conditions consensus has been redobwdliterature yet, and for numerous
factors, the incidence on mechanical behaviourbeen poorly documented. For instance,
some authors used to preconditioned samples (Galab, 2014; Gras et al., 2012; Nagle et
al., 2014; Pietsch et al., 2014; Van Ee et al.,0200hereas others have considered that
precondition can lead to permanent deformation (Maocke et al., 2008) and consequently
do not precondition the samples (Bdl et al., 2QHtal and Zidi, 2018; Mohammadkhah et al.,
2016; Takaza et al., 2013). Furthermore, most efgstudies described the application of a
preload before testing, but the amount of preload greatly vary between studies. Thus,
preload have ranged from corresponding force of bfthe sample mass (Takaza et al.,
2013), and 1/40 (Mohammadkhah et al., 2016) to AJ16f a maximal load obtained on
preliminary tests (Abraham et al., 2013).

Note that the influence of some experimental comatt such as tissue conservation (Bol et
al., 2016; Jalal and Zzidi, 2018; Van Ee et al., ®00r sectioning and bathing muscle
(Abraham et al., 2013) was investigated on skelatadcle passive behaviour. Abraham et al.
(2013) shown a significantly different viscous tissresponse between a section of muscle
tissue or a whole muscle as well as between dwyebitesting conditions. Consequently, it is
crucial to investigate the influence of various exmental conditions in order to better

control mechanical tests. However, numerous faatotdd be studied which could lead to a
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large number of tests. Traditionally this type tfdses has been performed by monitoring the
influence of one factor at a time on an experimerggponse. While only one factor is
changed, others are kept at a constant level. lyssaldies are performed with at least 6 tests
per group (Abraham et al., 2013; Jalal and Zidi.&0van Loocke et al., 2008; Wheatley et
al., 2016b). In this way, for example, studies witlur parameters that could take three
different values would then require 72 tests.

Design of experiments (DOE) is a potential meansualuate the effect of factors on the
response while minimizing the number of requiregpeziments. Basically, the method
consists in changing the value of several factbteeasame time in a specific sequence. Note
that DOE is widely used in some disciplines sucklemmistry (Bezerra et al., 2008; Ferreira
et al., 2007) or food research (Deng et al., 20Hpabadi et al., 2016). Although this method
is rarely used in biomechanics, it is noticeablet tome DOE sensitivity analysis based on
finite element analyses was used on bone andagsatilissues (Bahraminasab et al., 2013;
Isaksson et al., 2009; Wang et al., 2005).

The purpose of this paper is to propose an afféedapproach to study the parameter
sensitivity while minimizing the number of necesséests. In this way, as we know that
viscoelastic behaviour depends on strain rates (Mawocke et al., 2008), we choose to
investigate the effect of this parameter as welpr@gonditioning and preloading conditions.

A Box—Behnken designs (Box and Behnken, 1960)&s firoposed to address this issue.

2. Material and methods

2.1 Sample preparation and tensile tests

Rat flexor carpi radialis (FCR) and palmaris longBg) muscles (N=14) was extracted from

the forearm of 15 healthy rats by an authorizeds@ernn accordance with the local ethic
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committee ANSES/ENVA/UPEC (n°13/12/16-1@&)fter sacrifice of the animals, the muscles
were harvested from the forearm of each animal. Muscles were then stored in saline
solution at 4°C until testing. Testing was conddctéthin 6 hours after the death of the
animal in order to minimizeigour mortis effect (Bl et al., 2016; Van Ee et al., 2000; Van

Loocke et al., 2006).

After positioning of the muscle between mechanijea¥s, the initial sample height was
recorded using a calibrated camera, then musclegaswere acquired for both front and side
view. Hence, under the assumption that the muscle cext®ss were rectangular, the
average cross-section area (CSA) was determined fhese images by a custom Matlab
scripts (Matlab® R2017b, The Mathworks, In&§CR and PL muscles were respectively

9.8+1.6mm (8.3+2.0mm) high with an average CSA.@f#9.3mm2 (3.2+1.9mm2).

Tensile tests were conducted by the uniaxial mechatesting system (MTS Insight, MTS
Systems Corporation) by using a 100N force senentralled by data processing software.
Global strain was recorded during experiments ftinointernal measure of crosshead
movementThe slippage was reduced with sandpaper addedebetmuscle and jaws (Calvo
et al., 2010)It should be emphasized that the experiments weerded by front and side

cameras in order to inspect slippage at largenstrai

Before testing, the muscles were or were not stdgeco preconditioning cycles and
preloading, depending on Box—Behnken design asepted below in the experimental
designs sectionChe experiments consisted of 4 steps, the sampidivgaloaded at a chosen
strain rate up to 10% strain and kept constan8@r seconds to allow stress relaxation in the
sample. The muscle was unloaded until a preloafdirge and then finally stretched again at

the same strain rate than initial ramp up to fosset of slippage. Those slipping were
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determined afterward by both video inspection anastgantial decrease/inflection of stress. In

what follows, the first and second period of stndicnamed T1 and T2 respectively.

2.2 Experimental designs

Preconditioning, preloading and strain rates wdresen as varying factors. In order to
minimize the number of tests, an experimental desgroposed. Each parameter can take 3
values chosen to represent the diversity of valwaghin the literature. First, the
preconditioning cycles varied between 0 (B6l et 2016; Mohammadkhah et al., 2016), 5
(Calvo et al., 2014) and 15 cycles (Nagle et &114& Pietsch et al., 2014). Cycles have been
set at a strain rate of 0.5mm/s. Then, preloadiaged between 1/1000 (Abraham et al.,
2013), 1/40 and 1/20 (Mohammadkhah et al., 20163 ohaximum load. Since we were
limited by our sensor sensitivity, a no-preloadditon was chosen to represent the very low
preloading (1/1000 of maximal load). Preliminargtgeenabled us to prescribe 0,03N and
0.07N preloads that corresponded to roughly 1/40 HAO of a maximum load. Finally, the
strain rate varied between 0.05% (Mohammadkhah ,e2@l6), 0.5% (Jalal and Zidi, 2018)

and 10% (Van Loocke et al., 2008) per second.

A Box—Behnken experimental design with three indelemt variables at three levels was
performed to study the influence of the parametmisthe visco-hyperelastic behaviour
described in the next section. For statistical Walions, each variable was coded as three
levels: -1, 0, and 1 as shown in Tab.1l. The prdtees implemented for each muscle,
consisting of 14 experimental points carried outrandom order with two repeats of the

centre of the design as illustrated in Fig. 1.



138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

2.3 Visco-hyperelastic model

Since we have just tested skeletal muscle by ualid®nsile test, we chosen a hyperelastic
isotropic model (Bosboom et al., 2001; Gras et2012; Wheatley et al., 2016). We used
first-order Ogden’s model coupled with second-otdexwell’s model (Jalal and Zidi, 2018).

The visco-hyperelastic model is briefly describe@&upplementary material S1.
2.4 Statistics

The experimental data of Box—Behnken design weratistitally analysed using
Matlab2017b® software. A three-way ANOVA was penfi@d with preconditioning cycles,
preload force and strain rates as factors. Experisneere also fitted to a second-order
polynomial model :

3 3 3
Y=a,+> aF+> > aFF, (7)
i=1

i=1 j=1

whereY is the outpuf 11,a,E,.7, ¥, Vs A | With Ay the ultimate elongation before any

max

slippage, F are preconditioning cycIeéFl), preload force( Fz), strain rates factor(st) and
%,8,8;,g; are respectively central, linear, quadratic aneraction coefficients. Finally, the

coefficient of determinatiom? and adjusted coefficient of determinatibjw were obtained.

3. Results

3.1.Model Fitting

An illustrative example of the stress-time respoissehown in Fig. 2a. This test was carried
out on FCR muscle with all parameters at centradle that is to say with 5 preconditioning

cycles, 0.03N preload force and strain rate at%L®/s. The fitting of the first and second
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stretch period using first Ogden’s model is presérfEig. 2b and Fig. 2d respectively. The

stress relaxation fitting by Maxwell’'s model is givFig. 2cWe observe that the fitting was
correctly performed for both first tensile par{r>=0.98t 0.02 and relaxation

(r2 =0.985+ 0.01$ when using respectively (1) and (2) whereas thagitof the second

tensile part is less suitab(ez2 =0.96+ 0.0z) when using (1). The fitting of this last part is

particularly incorrect for small strain which isragion of interest in order to estimate
instantaneous modulusherefore, in what follows, the hyperelastic parsrewere obtained

from the fitting of the initial 10% ramp (T1).

3.2. Box-Behnken experiment

An ANOVA and second-order polynomial regression eveonducted on Box-Behnken

experiments with as outputs resui(T,),a(T,), E,(T,)) for the first tensile part(7,, ¥, V; )
for relaxation part and the ultimate elongatidp,. The second-order model coefficier@g
to &, were obtained for both muscles. Cen(@l) and linea( &, to &;), coefficients, as well

as coefficients of determination raz) and p-value for preconditioning cycles, preloadin

and strain rates factors are given in Tab.2 and3Talp respectively PL and FCR muscles.

For hyperelastic contribution, in the case of FCBsabe, we note a non-significant trend of

strain rate ont/(T,) and a(T)) ((p=[0.05- 0.3)). For viscoelastic contribution, in the case
of both muscles, we found a strong influence o#istrate on7y, J; (p<0.0]) and a

significant influence o4 (p < 0.05).
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Eqg. (8) and (9) show the relationship between tfec®rs and the outpuf; for respectively

PL and FCR muscles. Response surfaces are presankd.3a-c for PL muscles and in
Fig.3d-f for FCR muscles. They were obtained byyway 2 factors within the experimental

range [-1 1] and holding the other one at the et¢igwel [0].

7,=3.94- 0.6F,- 0.1F,- 2.7+ 0.88F,+ OBF,~ ORF - C8% 655 6807,
(8)

1,=3.74- 0.0, - 1.08,- 3.4+ O0.FF,+ OB, IRF- @16 6319 2682
)

4. Discussion

This study was motivated by the importance of tkgeeimental conditions on the mechanical
response of muscle subjected to the relaxationketest. The study factors include preload,
preconditioning cycle and strain rate. The onlytdaaffecting the behaviour of both muscles

is strain rates. Indeed, this parameter has beanrsko have a great impact on viscoelastic

properties, and more specifically & ); and)4 parameters. Higher the strain rates, the

most the stress relaxed in a short period of tinerefore, whether it is for PL or for FCR
muscles the coefficient of, in the polynomial model before F3 (strain rates)egative and
larger in absolute value. On the contrary, the foagefit ), and )4 of the polynomial model
before F3 are positive and also higher in absokalee. These results are consistent with

previous work demonstrating that the viscoelastatgbutions, which corresponds }#,

increased with the strain rate in muscle comprestasts (Van Loocke et al., 2008). A trend

towards significance can be noted between an iserefstrain rates and an increasquﬁ;)

as well as a decrease 6K(T;) (p=0.07 and p =0.094) for FCR musclesNote that a
9
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similar trend can be observed for PL muscles bthout statistically significant. We can note

that Sun et al. (1995) did not show behavior défees in the context of small strain. Thus, it
is not surprising to show only slight differencesedto strain rateConsequently, these

similarities with previous work strongly suggesattithis method is robust enough to be used
as tools to determine the effect of experimentalddmns on mechanical tests. The main
interest of this method is to substantially redtloe number of experiments. Indeed, if we
applied the usual single variable method with astes tests per group (Jalal and Zidi, 2018;
Van Loocke et al., 2008; Wheatley et al., 2016bjs study with 3 parameters at 3 levels

would required at least 54 tests per muscle agahsr the DOE proposed method.

It should be noted that only the second-order pmtyial regression with a coefficient of
determinationr > above 0.8 should be considered according to Jagkekd AT May (1987)

(Joglekar and May, 1987). Nevertheless, the mosdficents, the higher will the * value
will be. Thus, the adjusted coefficient of deteratian raz was also determined, this
coefficient is corrected by including a penalty fioe numbers of predictors variables (here 9).

In that respect, although correlation fer )4 and )4 results are acceptable for FCR muscle
with r?>0.8, correlations for PL muscles should be made chyefii’ =0.657, r’ >0.674

for 7; and )4 results).

Furthermore, it is worth noting that neither thelpading nor the preconditioning does not
seem to have a significant effect on the visco-mgfastic skeletal muscle behaviour. It is
important, nevertheless, to nuance such a condusimeed, it is difficult to isolate one
factor without others factors interaction. For arste, the preconditioning of sample may
(depending on experimental device) require a suobatly longer handling involving an

increased tissue drying. Thus, the initial prectading study would, in fact, be an
10
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investigation including preconditioning and dryinglearly, more works have to be done

considering more parameters carefully chosen wislag the proposed DOE. Finally, none
of these factors seems to have an influence orultireate elongation valueA,,). This

observation means that the specimen slippagedfzat experimental limitation does not seem

to be affected by those factors

5. Limitations

(see Supplementary material S2).
6. Conclusion

A Box-Behnken design was proposed to investigate ithfluence of strain rates,
preconditioning and preloading conditions on med&rbehaviour were investigated on two
rat forearm muscles. Visco-hyperelastic parametees derived from the Ogden model
coupled with Maxwell's model. The results showedtthtrain rate affects the behaviour of
both muscles. These results are consistent withique work suggesting that design of
experiment is a valid method to determine the éffafcexperimental conditions on the
mechanical behaviour of skeletal muscle subjectedtensile test. This method lets
considerably reduce the number of experiments. Tihogy be worth investigating the effect

of various experimental factors such as dryingsjéightening, and also testing temperature.
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Table 1.

Variables Levels
-1 0 1
Preconditioning cycles 0 5 15
Preload Force (N) 0 0.03 0.07
Strain rate (%L ¢/S) 005 05 10
Table 2.
a, a; a, a re re E}\éilgg Pé;illléle P-Value &
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v, 0,33 0,04 0,02 -0,06 0905 0690 | 0,033 0,415 0,030
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A 0,71 0,04 0,02 0,07 0972 0910 | 0,006 0,370 0,010
A 1,38 0,00 0,02 0,04 0545 -0,479 | 0,802 0,903 0,907






