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ABSTRACT

Among several work-related injuries, low back disrs (LBDs) are the leading cause of lost
workdays, and with annual treatment costs in exo€$40 billion in the US. Epidemiological
evidence has indicated that prolonged and/or rgetion-neutral postures, such as trunk
flexion, are commonly associated with an increassdof LBDs. Trunk flexion can result in
viscoelastic deformations of soft tissues and syibmet mechanical and neuromuscular
alterations of the trunk, and may thereby incré#® risk. While viscoelastic behaviors of
isolated spinal motion segments and muscles haae &densively investigateih vivo
viscoelastic responses of the trunk have not,qadaily in response to flexion exposures.
Further, most biomechanical efforts at understagppndiccupational LBDS have not considered

the influence of flexion exposures on spine loads.

Four studies were completed to characterize visstieldeformation of the trunk in response
several flexion exposures and to develop and etelmiaomputational model of the human trunk
that accounts for time-dependent characteristicofiftissues. Participants were exposed to
prolonged flexion at different trunk angles andeemtl moments, and repetitive trunk flexion
with different external moments and flexion rat&8scoelastic properties were quantified using
laboratory experiments and viscoelastic modelsnulti-segment model of the upper body was
developed and evaluated, and then used to estimegele forces and spine loads during
simulated lifting tasks before and after prolongeehk flexion at a constant angle and constant
external moment. Material properties from theieadxperiments were used to
evaluate/calibrate the model.

Experimental results indicated important effectiefion angle, external moment, and flexion
rate on trunk viscoelastic behaviors. Materialgamies from fitted Kelvin-solid models differed
with flexion angle and external moment. Nonlinegicoelastic behavior of the trunk tissues
was evident, and predictive performance was enltnsiag Kelvin-solid models with2



retardation/relaxation time constants. Predictasiag the multi-segment model suggested
increases in spine loads following prolonged flexéxposures, primarily as a consequence of
additional muscle activity. As a whole, these lesslielp to characterize the effects of trunk
flexion exposures on trunk biomechanics, contrilbateore effective estimates of load
distribution among passive and active componentsarice our understanding of LBD etiology,

and may facilitate future controls/interventions.
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1 Introduction

1.1 Low Back Disorders (LBDs) and Risk Factors

LBDs are one of the most frequent type of injuriggh a lifetime probability of occurrence that
may be as high as 80% (Rubin 2007). LBDs are gastierms of both direct treatment
expenses (e.g. physician service, medication asgitab stays) and indirect personal costs (e.g.
absenteeism and decreased productivity) (Dagenals 2008). Health care expenditures for
treatment for spine-related problems in the Un§ates alone accounted for approximately $86
billion from 1997 to 2006 (Matrtin et al., 2009 addition, the total number of people seeking
treatment for spinal problems in the United Stateseased from 14.8 million in 1997 to 21.9
million in 2006, leading to an average 7.0% incesasexpenditures per year (Martin et al.,
2009). These data draw attention to the need &oenmvestigation on the potential risk factors

of LBDs and prevention strategies for reducing bagkries.

Diverse LBD risk factors have been identified, avtdch can be divided into physical,
psychological, and individual (e.g. gender, age mdking) causes. Roughly 37% of LBDs are
attributed to physical (occupational) risk fact{fPsinnett et al., 2005), and among these, trunk
flexion exposures and lifting are important. Adamumber of both daily and occupational tasks
require prolonged and/or repetitive trunk flexid@ccupationally, there is strong evidence to
suggest that trunk flexion can increase the risk bBD (Hatipkarasulu et al., 2011,
Hoogendoorn et al., 1999; Kuiper et al., 1999 9r é&xample, a prospective cohort study found
an increase in risk of LBDs among workers who wdrkéth their trunk at a minimum of 60° of
flexion for more than 5% of the day, and for workeirho lifted a load of at least 25 kg more

than 15 times per working day (Hoogendoorn e28l00). On the other hand, a review by



Roffey, et al., (2010) concluded that there issudficient evidence for a causal role of non-
neutral spine postures, such as spine flexion, vitierconsidered independent of other factors
(Roffey et al., 2010). Accordingly, it is diffidulo evaluate the effect of an individual exposure
or factor, since there are close interactions betwfferent exposures/factors (Manek and
MacGregor 2005) and since no single method is abiglfor evaluating risks in diverse
occupational tasks (Nelson and Hughes 2009). Als,sbe combination of different factors
(e.g. trunk flexion exposure and lifting) may bermpredictive of LBDs than individual factors.
To investigate these interrelations, and to improweunderstandings of LBD causalities, there
is thus value in assessing the potential interastior inter-dependencies, between distinct risk

factors.

1.2 Potential Mechanism of LBD Risk due to FlexiofExposure

From a mechanical viewpoint, all components ofvbkebral column show time-dependent
behavior when exposed to prolonged loadings (Pbkikit al., 2004; Pollintine et al., 2010; Wang
et al., 1997). Ligaments, collagen fibers, andspa@scomponents of muscles act as viscoelastic
materials due to a gradual rearrangement of callfigers (Oliver and Twomey 1995).
Intervertebral discs respond to an applied loaeéxuding fluid both from the nucleus and the
annulus through the endplates (Silva et al., 20@J)er time, the gradual deformation of bony
tissues (cortical and trabecular) caused by micagking of the bone matrix, can lead to creep
of collagen fibers (Pollintine et al., 2009). Agh, prolonged or repetitive trunk flexion results
in viscoelastic deformation of soft tissues, andsamuently a laxity of the trunk as a whole.
Based on previous studies on humans, trunk stéfoaa decrease up to 39% after 16 min of

flexion (Hendershot et al., 2011). Such changesiifness properties are also denoted as



reductions in “intrinsic” stiffness. As the intsit stiffness of the spine decreases, equilibrating
any external moment and maintaining stability [@aglly compensated by additional activation
of muscles (Hodges et al., 2009; Olson et al., 2808 and Mirka 2007, Shin et al., 2009).

Such compensatory muscle activation, in turn, @rse additional (or increased) loads on joints
and other soft tissues. As such, even small clsimgde passive stiffness of motion segments
can result in substantial changes in spine load tduhe fact that the moment arms of paraspinal

muscles are relatively small.

Trunk flexion exposures can also cause alterafiofrsink neuromuscular behaviors. The
efficiency of the mechanoreceptors in ligaments @thér soft tissues can be affected by
stretching, as in trunk flexion exposures, leadmgnpaired force distribution among muscle
fascicles and compromised reflexive responses @oki et al., 2005; Rogers and Granata
2006; Solomonow 2011; Stubbs et al., 1998). Refsponse has an important role in
controlling the stability of the spine, and caniagk this with less energy expenditure compared
to co-contraction of the torso musculature (Frankind Granata 2007; Moorhouse and Granata
2007). Thus, with a deterioration of reflexive maaism of the spine, additional muscle-
generated forces are imposed on spinal motion setgmend which may contribute to LBD

development.

These are two main proposed pathways by which L&®ghought to be caused by flexion
exposures and stretching of soft tissues. Thetsvasts suggest that when evaluating an
occupational task, such as lifting, there is a feedheasuring the effects of prior spinal

exposures (e.g., postures). Accounting for sucstéhy dependence” may aid in the



development of method that provide more accuratmasons of spine loads and potential LBD
risks for diverse occupational tasks. The follogveection summarizes existing approaches and
major results from studies that have measured ardklad the viscoelastic behavior of soft

tissues. In this summary, existing research gapés)dentified in some areas.

1.3 Measuring the Viscoelastic Properties of the $pe

Many empirical studies have explored the viscomassponses of spinal motion segments and
muscles. These studies have involireditro measurements of axial creep (Burns et al., 1984;
Kazarian 1975; Keller et al., 1987; Pollintine bt 2010) and flexion/extension creep (Little and
Khalsa 2005; Oliver and Twomey 1995; Twomey andldia}982; Twomey and Taylor 1983),
as well asn vivo measurements of whole-body creep (Brown 1992; Hedamd Fernie 1995;
McGill and Kurutz 2006). A few experiments havembhddressed the load-relaxation response
of thoracolumbar segments using cadaver motion setm{Adams and Dolan 1996; Holmes
and Hukins 1996; Johannessen et al., 2004; Lititekhalsa 2005). Many studies have also
determined the viscoelastic properties of musdeygibothin vitro (Abbott and Lowy 1957;
Glantz 1974; Truong 1974; Greven and Hohorst 19ittke and Leake 2004; Sanjeevi 1982;
Taylor et al., 1990) anieh vivo (Best et al., 1994; Hawkins et al., 2009; Magnasstoal., 1995;
Magnusson et al., 1996; Magnusson et al., 2000nRyal., 2010; Ryan et al., 2011)
measurements, in response to creep, load-relaxatmhcyclic loadings. These studies have
provided a fundamental understanding of the tinfgeddent response of trunk soft tissues,
which is of substantial biomechanical and clinioaportance and utility. However, there are
some gaps in these investigations that need toldhessed before a viscoelastic model of the

spine can be developed.



Most measurements of viscoelastic properties osgiiee have been performed on cadaver
motion segments. A primary limitation iof vitro experiments is the lack of metabolic processes
of intervertebral discs, respiration, circulatiordanuscle activity, which can influence
measurements of viscoelastic properties in proldrigsts (Hult et al., 1995; Keller et al., 1990).
While tissue properties obtained framvitro studies are useful for estimating elastic and
viscous behaviors, they should be adjusted usinvgzo measurements on the intact human spine
to derive more accurate properties for biomech&amcalels. Further, there is evidence of
nonlinear viscoelastic behaviors of trunk softuess (Hult et al., 1995; Troyer and Puttlitz 2011).
Nonlinear viscoelasticity can be demonstratedef@mple, as a different creep response at
different magnitudes of loading, or by differenadbrelaxation responses at different magnitudes
of displacement (Findley et al., 1989). Some expents have assessed the nonlinearity in
elastic response of spinal motion segments (Guah,&007; Panjabi et al., 1994); however,
evaluating the nonlinearity in viscoelastic behawabdifferent magnitudes of
loading/displacement has not been broadly reporiéulis, there is a need to explore the
viscoelastic properties of the trunk in more detailattain a better understanding of time-

dependent behaviors due to prolonged and repeliiadings.

1.4 Modeling Viscoelastic Behaviors

Several approaches have been developed and afipheadel the viscoelastic behavior of soft
tissues. One of the most common approaches isl loastne equation of creep or load-
relaxation for a viscoelastic material. In thigpeagach, Kelvin-solid models have been used
typically, to characterize the force-time or dig@ment-time responses of a spinal motion

segment (Alfrey and Doty 1945; Burns et al., 198dtmes and Hukins 1996; Johannessen et



al., 2004; Keller et al., 1987; Keller and Nath&®9; Pollintine et al., 2010). Among different
types of Kelvin-solid models, the standard lineaids(SLS) model has generated acceptable
predictions of viscoelastic responses under quaticsonditions (Groth and Granata 2008).
However, when this model was applied to dynamidilogs it showed several limitations (Li et
al., 1995). Groth and Granata (2008) improved3h& model by adding a nonlinear component
and use the resulting standard nonlinear solid {Shiilel to develop predictions of dynamic
responses of the intervertebral joiffthis addition, though, was made only for elasgbavior in
the model. In the same way, a model of the vigsirl behavior of a motion segment can be
refined, by measuring and employing time-depengesyerties obtained in response to a range
of loadings/displacements. These properties, thoaige yet to be established and implemented

in biomechanical models to improve estimates of lalynamic and static responses.

In another approach (Argoubi and Shirazi-Adl 1926poroelastic material was modeled,
consisting of a fully saturated porous medium (kotatrix skeleton) and an interstitial fluid

(pore fluid). Several studies have applied thpetgf approach to intervertebral discs, to
measure/predict creep and load-relaxation beha(idters et al., 2009; Riches et al., 2002; Wu
and Chen 1996). Using poroelastic material progeefor intervertebral discs can provide
comprehensive information regarding biomechaniealdviors, such as fluid loss, pore pressure
and strain/stress in each component of interveatetscs (Schmidt et al., 2010). Yet, most of
these detailed aspects are not relevant to ornestjfor purposes of occupational task evaluation,
and models based on this approach can lead tchiengmputational run-times for spine load
calculations. Thus, implementing less complicatediels, such as the Kelvin-solid models, is

likely sufficient to predict time-dependent forcisfglacement behaviors of the spine. By



maintaining a balance between model detail and atetipnal efficiency, a usable and effective
model is likely to be obtainable for task evaluatidAlthough biomechanical models of the spine
have been extensively reported, there remainséfoea time-dependent model to evaluate the

noted interrelationships between different LBD figktors.

1.5 Aims and Chapter Organization

The main goal of the current research was to devahal evaluate a computational model of the
human upper body, with emphasis on the lumbar spimé that accounts for time-dependent
characteristics of human trunk tissues. The cehyaothesis was that prolonged and repetitive
trunk flexion can increase the risk of LBDs by easing spine loads. It was also hypothesized
that the trunk exhibits nonlinear viscoelastic batis. To evaluate these hypothesesjivo
experimental studies and biomechanical modelingrsfivere conducted to quantify trunk
viscoelastic behavior in response to flexion expesua viscoelastic model of the trunk was
developed and evaluated, and the effects of divitss®n exposures on spine loads during a

lifting task were investigated using the viscoetastodel.

Two laboratory and two modeling studies were comegle In the first two studies, trunk
viscoelastic properties were measured in respangeotonged and repetitive flexion exposures
at several flexion angles, external moments, addh rates. The third and fourth studies
developed and evaluated a viscoelastic model ussgts from the first two. Then, the model
was used to estimate time-dependent changes ie k@d, during a lifting task, as a result of
several flexion exposures. This dissertation gaoized with one chapter for each study.

Chapter 2 describes measuring and modeling of leldation properties of the human trunk in



response to prolonged flexion at different flexaomgles. Chapter 3 describes measuring and
modeling of creep deformation of the human trunkesponse to prolonged and repetitive
flexion at different external moments and flexiates. Chapter 4 examines the effect of
prolonged trunk flexion at a constant flexion angtespine loads during a lifting task. Chapter 5
investigates the effect of prolonged trunk flexairconstant external moment on spine loads
during a lifting task. In the latter two Chaptegisyiscoelastic model was developed and used to
estimate time-dependent changes in spine loadunfrgry of the results from all studies and

several implications are presented in Chapter 6.
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2 Load-relaxation Properties of the Human Trunk inResponse to Prolonged

Flexion: Measuring and Modeling the Effect of Flexon Angle

Nima Toosizadeh, Maury A. Nussbaum, Babak Bazrgariand Michael L. Madigan

Abstract

Experimental studies suggest that prolonged triexdn reduces passive support of the spine.
To understand alterations of the synergy betwetuneaand passive tissues following such
loadings, several studies have assessed the tipgsrdent behavior of passive tissues including
those within spinal motion segments and musclest, thiere remain limitations regarding load-
relaxation of the lumbar spine in response to dex@xposures and the influence of different
flexion angles. Ten healthy participants were exgaiofor 16 min to each of five magnitudes of
lumbar flexion specified relative to individual fien-relaxation angles (i.e., 30, 40, 60, 80, and
100%), during which lumbar flexion angle and trun&ment were recorded. Outcome measures
were initial trunk moment, moment drop, parametéif®ur viscoelastic models (i.e., Standard
Linear Solid model, the Prony Series, Schapery'sofj, and the Modified Superposition
Method), and changes in neutral zone and viscoelststte following exposure. There were
significant effects of flexion angle on initial memt, moment drop, changes in normalized
neutral zone, and some parameters of the Stand@edrLSolid model. Initial moment, moment
drop, and changes in normalized neutral zone iseceaxponentially with flexion angle.
Kelvin-solid models produced better predictionseshporal behaviors. Observed responses to
trunk flexion suggest nonlinearity in viscoelagiiroperties, and which likely reflected
viscoelastic behaviors of spinal (lumbar) motiograents. Flexion induced changes in viscous

properties and neutral zone imply an increasetarmal loads and perhaps increased risk of low
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back disorders. Kelvin-solid models, especially Brony Series model appeared to be more

effective at modeling load-relaxation of the trunk.
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2.1 Introduction

Trunk flexion exposures, whether prolonged or @yatesult in viscoelastic deformation of
passive tissues in the posterior trunk and congetyue reduction in trunk stiffness (Hendershot
et al., 2011; Kazarian 1975). A decrease in pagsunk stiffness can be compensated by extra
activation of muscles (McCook et al., 2009; Olsbale 2009; Shin and Mirka 2007, Shin et al.,
2009), which may cause additional loads on joints @ther soft tissues (Bazrgari and Shirazi-
Adl 2007). Moreover, extra activation of muscleasynncrease metabolic cost and consequently
contribute to muscle fatigue (Adams and Dolan 188n et al., 2009). Since the risk of low
back disorders (LBDs) may be associated with exeespinal loads and muscle fatigue
(Bakker et al., 2009; Brereton and McGill 1999; &wnf and Sorock 1997), an accurate
assessment of the time-dependent changes in loatiigpéng among passive trunk tissues and

active muscles is of importance in investigating fisk of LBDs.

Determining the distribution of loads among passind active components of the human trunk,
typically using a biomechanical model, requiresalistic representation of time-dependent
passive properties. A number of experiments hagsessed the time-dependent behavior of
passive trunk tissues. Mairyvitro studies have focused on the viscoelastic proeofispinal
motion segments, especially in flexion/extensioddfs and Dolan 1996; Little and Khalsa
2005; Oliver and Twomey 1995; Twomey and TaylorZ;9Bnvomey and Taylor 1983). Several
other studies have determined the viscoelasticeptigs of muscle using both vitro (Abbott

and Lowy 1957; Glantz 1974, Truong 1974; Greveal.etLl976; Linke and Leake 2004;
Sanjeevi 1982; Taylor et al., 1990) andsivo (Best et al., 1994; Hawkins et al., 2009;

Magnusson et al., 1995; Magnusson et al., 1996 nMsgpn et al., 2000; Ryan et al., 2010; Ryan
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et al., 2011) measurements. Furthermore, iimaivo study by McGill and Brown (1992), the

whole-trunk creep was measured for prolonged flexxposures.

While these studies have provided a fundamentagnstahding of the time-dependent responses
of trunk tissues, some limitations still exist. 8aneasurements of the viscoelastic properties of
the spine have been performed on cadaver motianesgg. The main limitation of these

vitro experiments is the lack of metabolic processestefvertebral discs, respiration,

circulation and muscle activity, which are influahin prolonged tests (Hult et al., 1995; Keller
et al., 1990). Many occupational tasks requirégmged trunk flexion at a constant angle (load-
relaxation); however, no studies to our knowledgeehmeasured load-relaxation of the lumbar
spinein vivoin response to flexion exposures. Previous remirow that load-relaxation
behavior of soft tissues is not directly correlatedreep response (Purslow et al., 1998;
Thornton et al., 1997), which indicates that loat#xation is not simply the inverse of creep
responses and that they should be determined selyar&urthermore, there is evidence of
nonlinear viscoelastic behaviors for spinal s&f$ties and motion segments (Hult et al., 1995;
Toosizadeh et al., 2010; Troyer and Puttlitz 201Hpwever, it is unknown how such
nonlinearity in viscoelastic behavior is influendagdifferent magnitudes of

loading/displacement.

Hence, the main purpose of this study was to gfyathte load-relaxation responses of the human
trunk during prolonged flexed postures. Load-rateon responses were measuireglivo at
several trunk flexion angles and then fit usinguege of viscoelastic models. Based on previous

evidence of nonlinear viscoelastic behavior of kraoft tissues (Hult et al., 1995; Toosizadeh et
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al., 2010; Troyer and Puttlitz 2011), we hypothedithat the whole trunk would exhibit
nonlinear viscoelastic responses to prolongeddiesind that these responses would depend on
the specific flexion angle. Several different aygmhes, based on equations of creep
deformation or load-relaxation, have been previpdsieloped to model the viscoelastic
behavior of soft tissues. These include Kelviriesolodels, Schapery’s Theory, and the
Modified Superposition method (Ambrosetti-Giuditia¢, 2010; Burns et al., 1984; Keller and
Nathan 1999; Machiraju et al., 2006; Provenzarad.e2002,). Among different types of
Kelvin-solid models, the standard linear solid ($b8d Prony Series models have given the best
predictions of viscoelastic responses under quasconditions (Groth and Granata 2008;
Machiraju et al., 2006). However, these modelsshawver been used to predict the load-
relaxation response of the whole trunk. As suoh second purpose of the current study was to
evaluate different viscoelastic modeling approadbesharacterizing these responses. We
hypothesized that available viscoelastic modelsldvbave differing success in characterizing

these responses, with better predictions from Kebalid models.

2.2 Methods

Ten healthy young adults with no self-reporteddrigbf low-back pain participated after
completing informed consent procedures approveith@yirginia Tech Institutional Review
Board. Participants included five males with mé€an) age, stature, and body mass of 24.4
(4.2) yr, 179.9 (6.9) cm, and 71. (7.3) kg, respety; corresponding values for the five females
were 23.8 (2.6) yr, 164.4 (3.9) cm, and 57.9 (kdl) A relatively young set of participants

(from 18-29yr) was included to avoid potential ughces related to age.
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Each participant completed five experimental sessione for each of five levels of trunk
flexion including 30, 40, 60, 80, and 100% of thexion-relaxation (FR) angle (see below).
These flexion levels were used to cover a wide @afgotential exposures, and the lower level
was increased to 30% of FR angle based on pilattsethat indicated exposure to 20% of FR
angle was insufficient to capture viscoelastic prtips. At least three days separated
consecutive sessions, and the presentation ordecoumterbalanced using 5x5 Latin Squares
(one for each gender). Sessions were conductedeb@i00 am to minimize effects of

cumulative daily loading.

Lumbar flexion angle was measured using inertighsneement units (IMUs: Xsens
Technologies XM-B-XB3, Enschede, Netherlands). Bvkere placed on the skin using
medical-grade, double-sided tape, over the spipoasesses of T12 and S1, and sampled at 100
Hz. Electromyography (EMG) of the Longissimus &w®ttus Abdominus muscles was

collected using bipolar Ag/AgCI surface electrodesd previously reported electrode placements
(Hendershot et al., 2011; McGill 1991). Raw EMGeadaere preamplified (x100) near the
collection site, and signals were then bandpatssdd (10-500 Hz) and amplified in hardware

(Measurement System Inc., Ann Arbor, MI, USA) befbeing sampled at 1000 Hz.

After instrumentation, each participant stood imgad metal frame and straps were used to
restrain the pelvis and lower limbs. In a preliarpnsession for each participant, FR angle was
measured using procedures similar to an earlielygidendershot et al., 2011). Briefly,
participants flexed their trunk slowly to full pags trunk flexion (~5 sec) and slowly returned to

the upright standing posture (~5 sec). FR angkededined as the trunk flexion angle, near the
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end of the range-of-motion, with minimal EMG. FRgée measurements were done three times,
and the largest FR angle from the three trials weasl as the reference for specifying flexion
exposures in the experimental sessions. To mieinvithin-subject variability in FR angles due
to creep-dependent changes (Shin et al., 2009angRes were desired at a relatively fixed level
of creep deformation. This was achieved by indgiciear-maximal (asymptotic) creep
deformation of the trunk prior to obtaining FR agyl Specifically, participants adopted full
passive trunk flexion for four minutes, which wagpected to induce > 90% of maximal creep

(McGill and Brown 1992).

While standing in the rigid frame with their pelvestrained, participants were exposed to trunk
flexion by rotating the pelvis and lower extremsti®rward/upward to induce trunk flexion
(Figure 2.1), thereby stretching the passive luntisaues and producing an external extension
moment. A footrest with adjustable height was useder the feet to position the L5/S1 joint at
the frame’s rotational axis. Participants’ trumksre constrained at the T8 level using a rigid
harness-rod assembly, which ensured that the tuaskmaintained roughly upright. While the
lower extremities were raised (loading phase),rdutine flexion exposure (load-relaxation
phase), and while the lower extremities were lodéumloading phase), forces due to passive
tissues stretching were measured continuously (HX)@sing a load cell (Interface SM2000,
Scottsdale, AZ, USA) on the harness-rod assentBMG measures (as described above) were
used as biofeedback to minimize voluntary musdeaiion throughout these procedures, thus
ensuring that measures were predominantly reflggassive tissue properties. Participants also

maintained a consistent head posture (facing fahaad looking at a monitor). Flexion
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exposures lasted 16 minutes, which was considesfidient to capture the majority of load-

relaxation (Toosizadeh et al., 2010) and also hetalerated by participants.

Figure 2.1: Experimental setup for load-relaxatiest (60% FR angle condition illustrated).

Several direct or derived outcome measures weger@at for the trunk: 1) initial moment, 2)
moment drop, 3) neutral zone (NZ), 4) viscoelastate, and 5) viscoelastic model parameters
characterizing the viscoelastic (load-relaxatioshdwviors. Initially, the exposure periods were
divided into the three phases noted above (loadiagl-relaxation, and unloading). Trunk
moments were determined from the measured foree @ell) and associated moment arm
(measured vertical distance between the rod an81L&énter of rotation). Three-second
windows at the start and end of the load-relaxgpioaise were used to calculate the initial
moment and moment drop. Loading (flexion) and ading (extension) phases were used to
estimate the NZ (Figure 2.2), a region over whittlelresistance exists against external forces

or moments (Panjabi 1992). The NZ was definedipaity as the portion of the trunk range of
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motion around the neutral (upright) posture whaeedlope of the flexion angle-moment curve
was < 0.1 Nm/deg and the passive moment was<7 Man(tll and McGill 2003). For each
participant, the NZ range was divided by the FRi@hgyield a normalized NZ for each flexion

exposure, and the percentage change from the p@sere value was obtained.

4 Moment

Max Moment

Moment Drop

Flexion
AE !

Extension

I e fomossess

A B

Min Moment ~1~"""""""7"

Flexion Angle

.
>

Neutral Posture Target Flexion Angle

Figure 2.2 lllustration of a hysteresis loop. Tighlighted areaAE) denotes the dissipated
energy; NZ in flexion (extension) is the distaned#reen point A (point B) and the neutral
posture. Target lumbar flexion angle = 30, 40,8),or 100% FR.

Total energies for flexion (E1) and extension (&2)ye calculated from areas under the flexion-
angle-moment curves in the loading and unloadirages, respectively, and these used to
determine absorbed energyE = E1 — E2 (Figure 2.2). Subsequently, the raftio
hysteresis/energy input (RE), which describes theoelastic state (Koeller et al., 1986), was
estimated adE/E1. For a pure elastic material, RE = 0, andafpure viscous material RE = 1

(Koeller et al., 1986; Yahia et al., 1991).
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To characterize trunk viscoelastic behaviors, fmmmon types of viscoelastic models of

varying complexity were used, with the load-reléxatequations for each provided below:

Standard Linear Solid (SLS) model (Figure 2.3):

M) =6, (K, + Kle_%t) (2.1)
whereK; andC are, respectively, stiffness and damping of toxaicpring and damper
components in series (Maxwell component), &ndls the stiffness of a parallel torsional spring
(Roylance 2001)K; andC represent viscous responses to deformationKansl the steady-
state stiffness once the material is totally retbxi€, + K, is the instantaneous stiffness, and the

relaxation time constar(ﬂ” = Ki) shows the rate of moment relaxation.
1

Prony Series (Figure 2.3):

t

M = 60 (Jo+ ZiaJie ) 22)
whereJ;, andrt; (t; = #) are respective stiffness and relaxation time t@oris from each spring

and damper in th&" Maxwell component of the Wiechert modg}. is the steady-state stiffness
once the material is totally relaxed, ands the number of Maxwell components in the model

(Machiraju et al., 2006). Here, valuesnof 2, 3, and 4 were considered.

Schapery’'s Theory:

M(t) = heKeeo + thQOt_n (23)
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whereh, andh, are angle-dependent constaiigjs the torsional stiffness at equilibrium (final
data point), and’ andn are constants that derived by curve fitting (Praaao et al., 2002;

Strganac and Golden 1996).

Modified Superposition Method:

M(t) = Koeot_gno (24)
whereg is an angle-dependent constdf,is the torsional stiffness at the beginning oflloa
relaxation, anah, is the initial relaxation rate obtained by curitérfg (Ambrosetti-Giudici et

al., 2010; Provenzano et al., 2002,).

! |
(@) (b)

Figure 2.3: Kelvin-solid models: (a) SLS model Bypny Series model. Each spring and damper
in series represents a Maxwell model. For clalitgar rather than rotational components are
illustrated.

These equations (models) were derived assumingsta flexion angle 8, and using
established procedures (Provenzano et al., 200aRe 2001; Wenbo et al., 2001,). Model
parameters were estimated for each exposuregaeh, participant in each flexion angle) by
minimizing least-squared errors in predicted momevithin the load-relaxation phase.
Subsequently, model prediction quality was evalliatgng the mean, across participants, of

coefficients of determinatioriRf) and root-mean-square errors (RMSE) obtaineddohe
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exposure. Model prediction quality using the Pr&eyies model was comparable using 2,

3, and 4, and thus the simplest equation (i.e,2) was used in the remainder of this work.

After testing for normality of distribution, sep#eanixed-factor, repeated-measures analyses of
variance (ANOVASs) were performed to evaluate tHea$ of flexion angle and gender on each
of the direct and derived measures. Only the egle8LS model parameteis, ( K,, C, T, and

K; + K,) were analyzed in this way, to assess potentialimearity in elastic and viscous
properties, since their interpretation is relagwv&raightforward versus parameters within the
other models. Post-hoc comparisons between flexxposure levels were done, where relevant,
using Tukey’s HSD. Effects of flexion angle onetit outcome measures (i.e., initial moment,
moment drop and changes in NZ) were also explosetydinear and nonlinear curve fits to
mean values, and these were evaluated based ditiene$ of determination®). As several
such curves should logically include the origirg(ezero flexion yields zero moment), the origin
was included as an additional data point. HoweSk& model parameter values near 0% FR
were not extrapolated, since in this region (thee,NZ) rotational stiffness is substantially
smaller than elsewhere (Scannell and McGill 2008)fpson et al., 2003). Statistical
significance was concluded when p < 0.05, all ssedywere performed using JMP (Version 9,
SAS Institute Inc., Cary, NC, USA), and all summstatistics are given as means (SD).
Incomplete data were available for four trials ilwieg 30% FR exposures, during which clear
moment changes over time were not evident, andtsesom one 100% FR trial were excluded

as clear outliers (studentized residuals).
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A sensitivity analysis was performed to assesetfeets of each model parameter with respect
to describing viscoelastic behavior of the truidensitivity coefficients were calculated as

(Lehman and Stark 1982):

Aby b

5= Ap/Po

(2.5)

whereb, is the nominal value (mean value across all yrails relevant outcome measure (i.e.,
moment drop and initial angle), apglis a given model parametép is the range of the model
parameter across all trials; ardd, is the range in the predicted outcome measurg ¢hange in
moment drop or initial moment prediction) that fésérom changing the given model parameter
overAp while all other model parameters are kept at theminal values. All model-based

calculations were performed in MATLAB (MathWorks, Natick, MA, USA).

2.3 Results

There were significant effects of lumbar flexiorglnon initial momentK »5= 29.51,P <
0.0001), moment drog-(s 23y = 9.08,P < 0.0001), and changes in normalized W )= 5.82,

P < 0.0025). All three measures increased with lurflleaiion angle (Figure 2.4), and each of
the relationships with lumbar flexion angle was heblracterized by exponential functiofi€ ¥
0.93). Viscoelastic state (RE) overall was 0.42%) indicating a mix of elastic and viscous
behaviors, and was not affected by lumbar flexiogl@ 2= 0.39,P = 0.81). Gender had no

main or interactive effects on any of these outcomasuresR > 0.11).

The different models exhibited different levelspoédiction quality (as based & and RMSE)
and some levels of dependency on lumbar flexioteafigure 2.5). Overall differences R
and RMSE between the SLS and Prony Series modetsivegligible (8 and 5%, respectively),
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and these two exponential models produced betéeligirons than the two power models (i.e.,
Schapery’s Theory and the Modified Superpositioriidd). While RMSE were consistent

across lumbar flexion angle®? generally increased with angle for each model.
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Figure 2.4: Effects of lumbar flexion angles orediroutcome measures: (a) initial moment, (b)

moment drop, and (c) percentage change in norntllNiZe Post-hoc groupings are indicated by
brackets and letters, and best-fit exponentiaticgiahips are provided.
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Figure 2.5: Mean measures of viscoelastic modeligtien quality: (a)*° and (b): root-mean-
square errors (RMSE).

Lumbar flexion angle significantly affected tKe (Fa, 24 = 3.84,P = 0.0154), and H 23)=

6.96,P = 0.0008) parameters within the SLS modgldecreased ankl, increased with lumbar
flexion angle (Figure 2.6)C, T, andK; + K,, in contrast, were not affected by lumbar flexion
angle P > 0.10), and gender had no main or interactivectffon any of the SLS model
parametersR > 0.07). T andK; + K, tended to increase with lumbar flexion angle, e/Ail
remained quite consistent across all lumbar flexiogles with mean (SD) = 111 (107) Nms/deg.
Parameters obtained for the other models at spddifimbar flexion angles are presented in

Table 2.1.
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Table 2.1: Mean (SD) values of estimated paramépedifferent viscoelastic models with
respect to lumbar flexion angle (SLS model paramsetee shown in Figure 2.6)

Model parameters (Units)

Lumbar flexion angle (percentage of FR angle)

30% 40% 60% 80% 100%
Prony Series
Jo (Nm/deg) 0.07 (0.14) 0.19 (0.12) 0.19 (0.23) q@228) 0.23 (0.25)
J1 (Nm/deg) 0.40 (0.36) 0.25 (0.30) 0.49 (0.46) 0.36 (0.38) 60q(R24)
J» (Nm/deg) 0.10 (0.19) 0.17 (0.28) 0.21 (0.17) qa2e6) 0.34 (0.38)
7, (sec) 12.6 (15.4) 20.6 (17.3) 7.6 (12.1) 9.8 (10.3 8.8 (11.1)
T, (sec) 1058.4 (1352.5) 1030.6 (704.7) 764.4 (632.8590.6 (1323.1) 1704.5 (1491.3)
Schapery’s Theory
h.K, (Nm/deg) 0.15 (0.01) 0.15 (0.01) 0.26 (0.01) 02371) 0.54 (0.01)
h,C (Nm/degxsec) 0.62 (0.54) 0.62 (0.54) 0.74 (0.58) 0.60 (0.34) 8q®42)
n (dimensionless) 0.28 (0.40) 0.42 (0.57) 0.323p.2  0.24 (0.25) 0.23 (0.16)

Modified Superposition
K, (Nm/degxsec)

0.522 (0.272)  0.524 (0.265)

0.5603@).2 0.564 (0.227)  0.749 (0.386)

gne(dimensionless) 0.29 (0.39) 0.09 (0.12) 0.09 (0.07) 0.07 (0.06) 0.06 (0.03)
S 5
g o8t ! ' B g 08¢
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Figure 2.6: Effects of lumbar flexion angle on Sh8del parameters: (a): stiffness of Maxwell

component =K, (b): parallel stiffness ¥, , (c): relaxation time constantZs and (d):
instantaneous stiffness k5 + K,. Post-hoc groupings are indicated by bracketdettets, and
best-fit relationships (linear or exponential) previded.
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From the sensitivity analyses, several dependemaes evident (Table 2.2). Some parameters
(K5, Jo, andh,) were purely related to elastic behavior (initredment), while othersl( 4, 75,

n, andgn,) were purely related to viscous responses (mourem) of soft tissues. The
remaining parameter<{, /,, J», h,, andK,) were related to both elastic and viscous behavior
Of note, the moment drop sensitivity coefficientmf(i.e., the smaller relaxation time constant
in the Prony Series model) was several orders ghitide smaller than that aof, (i.e., the

larger relaxation time constant); hence, the largkxxation time constant describes more of the

moment drop.

Table 2.2: Dimensionless sensitivity coefficierds the four models with respect to initial
moment and moment drop

Sensitivity coefficient
Initial moment  Moment drop

Model parameters

SLS model

K, 0.66 0.00
K, 0.31 0.67
T 0.00 0.14
Prony Serie:

Jo 0.27 0.00
A 0.52 1.27
Jo 0.29 0.38
T1 0.00 25e-5
Ty 0.00 0.09
Schapery’s Theory

heK, 0.36 0.00
h,C 0.95 2.03
n 0.00 0.03
Modified Superposition

K, 0.84 1.15
gno 0.00 0.24
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2.4 Discussion

Nonlinearity in both elastic and viscous propertéthe trunk was clearly evident. This was
apparent both from nonlinear changes in initial rmatrand moment drop with lumbar flexion
angle and the angle-dependency of SLS model paeasnkt andK,). Here, exponential
increase in moment drop akd reduction with lumbar flexion angle demonstratedlmearity

in the viscous behavior of the trunk. Moreovelaxation rate T) increased with lumbar flexion
angle (Figure 2.6). Although this change was mptificant, it suggests that more time is
required for the initial moment to relax at larfggmbar flexion angles. While there is previous
evidence of nonlinear viscoelastic behaviors ofapsoft tissues (Hult et al., 1995, Troyer and
Puttlitz 2011), the current work presents new eviogefor nonlinearity in the whole trunk. The
flexion distribution among thorax and lumbar comgais was not controlled here. However,
and as suggested by previous work (Arjmand anca@hidl 2005; Nussbaum and Chaffin
1996), and our direct measurement of lumbar anglst wf the flexion likely occurred in the

lumbar spine.

Estimated elastic and viscous properties here@rgarable with previous reports. For elastic
behavior, the magnitudes of initial moment versusbar flexion angle (i.e., instantaneous
moment-angle relationship) were similar to thosprevious studies (McGill et al., 1994,
Parkinson et al., 2004). Changes in the initial ranhfandk; + K,) with lumbar flexion angle
also showed the same nonlinear moment-angle regdtip that has been found earlier (Guan et
al., 2007; Panjabi et al., 1994). For viscous beitathe mean (SD) value of moment drop
during load-relaxation periods was 41 (22)% acedisive exposure conditions. Earligr vitro

studies reported a ~ 48% reduction in flexion reaainoment of lumbar spine motion segments
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(Adams and Dolan 1996) and ~ 27% reduction in passiuscle force (Best et al., 1994;
Sanjeevi 1982; Sarver et al., 2003) after 16 mmotdoading. (Approximate values were
derived using interpolation.) Moreover, the cutnerean (SD) value of the required time for a
90% drop relative to the initial moment was 5.F}3ninutes, similar to values of ~ 5 minutes

for spinal motion segments and ~ 9 minutes fospasnuscles (Sarver et al., 2003).

According to observed values of moment drop arekeglon duration, it is possible to infer
which tissue components of the trunk are predontimaproviding viscous behavior. We
consider two parallel systems to be responsiblgéoerating the reactive moment: 1) spinal
motion segments (i.e., vertebrae, disc, facetdigathents), and 2) passive tissues integrated
within muscle units (i.e., tendon, epimysium, pegramm, and endomysium). Optimal lengths
of the active force-length relationship of trunkensor muscles occur at lumbar angles close to
full flexion (Keller and Roy 2002; Raschke and Gimal996; Roy et al., 2003), and passive
tension developed in muscles typically starts ai/ieis optimal length and increases as length
increases. However, other studies have indicatedler lumbar flexion angles corresponding to
the peak trunk extension moment (Chaffin et al911 Kumar et al., 1995), and this discrepancy
may be related to differences in experimental nidthesed and between individuals (i.e.,
different ages or genders). Thus, at less exttambar flexion angles (30-100% of FR angle)
the contribution of passive muscle forces was assuim be relatively small. In this study, mean
maximum flexion exposure during load-relaxation#of FR) was equal to 87% of the mean
full lumbar flexion angle. Accordingly, it was exgted that spinal motion segments (rather than
passive muscle stiffness) were predominant in giingithe measured reactive moment. This

was also supported by the fact that measuredlinienents here are comparable with
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previously reported values for isolated spinal moegments (without muscles) (Adams and
Dolan 1996; Stokes and Gardner-Morse 2003). Ab,doc angles smaller than FR, a majority
of the moment drop should thus result from viscatdebehavior of spinal motion segments. Of
note, this reduction in stiffness should be comptrtsby additional muscle activities, such as
when performing a task following a prolonged peraddiexion. Extrapolating from the current
research and previous modeling results (BazrgariSdnirazi-Adl 2007), this extra muscle
activity could substantially increase the interioald on the spine, up to ~ 600 N in extreme
cases. Results here, though, were not sufficeeakplain in detail the passive moment
allocation among different components of spinaliotosegments. For instance, ligaments
might contribute to passive moment in trunk flexexposures, and consequently to the passive
moment drop during the load-relaxation period. sAsh, a reduction in ligament forces can
reduce the imposed forces on spinal motion segmeoisever, it was beyond the scope of the
current study to explore the force/moment distidttuamong different passive components

within spinal motion segments.

When the trunk is flexed, passive tissues resesetiernal moment, yet this resistance is small
for deformations near the NZ (Thompson et al., 2003anjabi (2003) suggested that an increase
in the NZ reflects instability and an increased LB&k, and it may also be a sensitive parameter
for defining the onset of spinal injuries (Oxlartché, 1992). According to Yamamoto et al.,
(1989), the NZ for flexion is 8.8 degrees for the &1 spine, which is comparable to the current
mean (SD) of 10.5 (5.5) degree here prior to flax@@posure. Rotational displacements of other
spinal motion segments superior to the lumbar beseelikely account for the difference

between the NZ measures in the curientivo study and previous vitro studies. In agreement
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with the effect of lumbar flexion angle on viscastla behavior, pre- and post-exposure NZ
differences increased exponentially with lumbaxithe angle. Previoum vivo studies have
reported an increase in spinal motion segmentjaftier prolonged and cyclic flexion
(Solomonow et al., 2001, Youssef et al., 2008)eskhstudies measured the neuromuscular
neutral zone (NNZ), which is the amount of rotaéibdisplacement applied to the lumbar spine
before muscle activity increases the stiffnesefibtervertebral joints. Though NNZ and NZ
might be different in magnitude (Solomonow et 2001), it is expected that they are closely
related to each other, and results from the custrdy confirmed that flexion exposures
increase the NZ as well. However, the presentteesegarding a nonlinear increase in NZ
changes with lumbar flexion angle have not, tolmowledge, been previously quantified. An
increase in NZ following prolonged flexion expossrgygests that the LBD risk may increase as

well, and that the increase in LBD risk dependshenextent of lumbar flexion angle involved.

Comparing moment-angle curves before and afterdiregxposures demonstrated that trunk soft
tissues generated lower reactive moments for antice lumbar flexion angle after exposures.
This phenomenon of a hysteresis loop during loadmjunloading has been shown in previous
in vitro studies on soft tissues. In these, RE values bege reported equal to ~ 0.2 for
intervertebral discs under axial compression (Gal.e2006), and between 0.1 and 0.59 for
spinal ligaments in load-relaxation (Yahia et 4891). However, no evidence could be found
regarding RE for flexion exposure of the whole kuespecially at different lumbar flexion
angles. Here, an almost constant RE value of @4%) was found at different lumbar flexion
angles, with no clear increasing or decreasinglirenggesting an identical viscoelastic state for

the whole trunk over a wide range of lumbar flexamgles. Because both elastic and viscous
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properties change with lumbar flexion angle, theEeoutcomes do not contradict our earlier
results regarding nonlinearity in viscoelastic pdigs. Rather, the RE results suggest that
elastic and viscous properties change in paratiélsaich that the overall viscoelastic state of the

trunk is independent of lumbar flexion angle.

Assessing differences related to gender was ndia focus of this study, and which was likely
underpowered in this respect. Indeed, no sigmfidifferences were evident, though some
suggestive results were found. Overall, males étdulgreater flexion stiffness, with 15%
higher initial moments, 6% lower maximum lumbaxiten angles, and 7% lower FR angles.
The same qualitative difference in stiffness betwgenders was observed from the SLS model,
whereK; + K, was 6% greater among males. In partial agreemigmour findings, greater
flexibility in females has been previously reportedtrunk flexion (Bazrgari et al., 2011; Brown

et al., 2002; McClure et al., 1998).

We evaluated different viscoelastic modeling apphes in terms of their ability to characterize
the load-relaxation responses of the human tri8dth the Prony Series and SLS models, using
exponential equations, were more effective for dbswy viscoelastic behavior of the trunk than
the two power models. Predictions from these twmoeential models, however, differed
slightly in how they described the immediate mondop (i.e., at the beginning of the load-
relaxation period). From inspection of load-reléxa graphs, distinct fast and slow phases can
be identified in most, with the transition occugiim roughly the first 30-60 seconds of exposure
(representative data shown in Figure 2.7). Thesephases are more easily distinguishable

when exposure was to larger lumbar flexion angiisiilar dual-phase results have been
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reported for the creep behavior of spinal motiagnsents (Burns et al., 1984), with two specific
creep rates: fast-rate creep, immediately aftatif@p(from O to 1 minute of exposure); and
slow-rate creep for the remaining exposure durgfimm 1 to 480 minutes of exposure).

Hence, the Prony Series model, with two relaxatiioe constantstg andz,), may be more
appropriate than the SLS model for predicting logldxation behavior, especially in response to
larger lumbar flexion angles (see also Figure ®ttich showed larger RMSE differences
between the two models with increasing lumbar @axangle). Results from the sensitivity
analysis confirmed the benefits of adding an addéi, shorter relaxation time constang)(in

the Prony Series model, though the sensitivity fadeht of r; was quite small.
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Figure 2.7: Fast and slow phases of moment drojpgitie load-relaxation period.
Representative data are shown, and which indibatadvantage of the Prony Series over the
SLS model for predicting measured behaviors. Resué for a 100% FR exposure.

An important potential limitation of the currentidy is related to the (in) accuracy in measuring
in vivo viscoelastic properties. It is challenging to mwea viscoelastic properti@svivo, with

two of the more substantial problems related tard¢etively modest changes in moment during
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load-relaxation and the unavoidable presence adninalled body movements. The former was
particularly problematic for small exposure anghkesl as noted earlier four trials involving 30%
FR exposures were discarded due to insufficien@apturing viscoelastic properties. These
effects account, at least in part, for the largerability within each exposure (larger RMSE)
compared tan vitro studies. To minimize the latter source of ervotuntary movements were
controlled (to the extent feasible) during datdemion, both visually and using EMG.
Additional analysis of the EMG data was done, arémvalues of raw EMG data were not
significantly different between the first and tlastl minute of load-relaxation (from paired t-tests,
P = 0.45 and® = 0.25 for the extensors and flexors, respectjveBoth EMG values, though,
decreased slightly (less than ~5%) over the exgagseriod, perhaps due to a decrease in co-
contraction with prolonged exposure. This decréaseuscle activity, in any case, likely led to
some overestimation of moment drop and underesomaf viscous stiffnesskf;). Further, the
gluteal muscles have a primary role in hip andkrextension, and an important effect in spine
stability during gait (McGill 2007). The activif these muscles, however, was not monitored

during the present study due to limitations in plgdhe electrodes.

In summary, the current work can facilitate a baftederstanding of how the load distribution
among passive and active trunk components changagygrolonged flexion exposures. The
current experimental setup isolated the effectarabar flexion angle independent of variation
in gravitational loads and trunk muscle activitgesified lumbar flexion angles were achieved
by raising participants’ legs, rather than by hgvyparticipants maintain forward flexion of the
trunk. Any variability or potential confoundingdaced by muscle activity, inaccurate posture

maintenance, or fatigue was thereby minimized. fEselts described an angle-dependent and
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nonlinear relaxation behavior of the human truMeasured load-relaxation more likely arose
from viscoelastic behavior of spinal motion segmserdther than passive muscles. Furthermore,
viscoelastic responses were characterized usifeyeiit types of models and material properties
were derived, for which Kelvin-solid models moré@éntly described load-relaxation behavior
than other models. Such viscoelastic material gnogs can be used to predict trunk behaviors
and lumbar mechanics in response to prolongedoifeekposures, for example by incorporation
within larger-scale biomechanical models. In theupational domain, diverse tasks involve
prolonged exposure to flexed postures; as suclguirent results may help in future efforts to

control work-related LBDs.

2.5 References

Abbott, B., Lowy, J., 1957. Stress relaxation inseia. Proc. R. Soc. Lond. B. Biol. Sci., 146,
281-288.

Adams, M., Dolan, P., 1995. Recent advances anddir@cal in lumbar spinal mechanics
significance. Clin. Biomech., 10, 3-19.

Adams, M., Dolan, P., 1996. Time-dependent chaigtee lumbar spine's resistance to
bending. Clin. Biomech., 11, 194-200.

Ambrosetti-Giudici, S., Gédet, P., Ferguson, £Begini, S., Burger, J., 2010. Viscoelastic
properties of the ovine posterior spinal ligamentsstrain dependent. Clin. Biomech.,
25, 97-102.

Arjmand, N., Shirazi-Adl, A., 2005. Biomechanicsabfanges in lumbar posture in static lifting.
Spine, 30, 2637-2648.

Bakker, E.W.P., Verhagen, A.P., Van Trijffel, Eydas, C., Koes, B.W., 2009. Spinal
mechanical load as a risk factor for low back paisystematic review of prospective
cohort studies. Spine, 34, E281-E293.

Bazrgari, B., Hendershot, B., Muslim, K., Toosizadd., Nussbaum, M.A., Madigan, M.L.,
2011. Disturbance and recovery of trunk mecharandlneuromuscular behaviours
following prolonged trunk flexion: Influences of idtion and external load on creep-
induced effects. Ergonomics, 54, 1043-1052.

Bazrgari, B., Shirazi-Adl, A., 2007. Spinal statyiland role of passive stiffness in dynamic squat
and stoop lifts. Computer Methods in Biomechanms Riomedical Engineering, 10,
351-360.

Best, T.M., Mcelhaney, J., Garrett Jr, W.E., My&s5., 1994. Characterization of the passive
responses of live skeletal muscle using the quasat theory of viscoelasticity. J.
Biomech., 27, 413-4109.

37



Brereton, L.C., Mcgill, S.M., 1999. Effects of phge fatigue and cognitive challenges on the
potential for low back injury. Hum Mov Sci, 18, 88%7.

Brown, M.D., Holmes, D.C., Heiner, A.D., WehmanFK.2002. Intraoperative measurement of
lumbar spine motion segment stiffness. Spine, 34;%68.

Burdorf, A., Sorock, G., 1997. Positive and negagvidence of risk factors for back disorders.
Scand. J. Work. Environ. Health, 23, 243-256.

Burns, M., Kaleps, I., Kazarian, L., 1984. Analysicompressive creep behavior of the
vertebral unit subjected to a uniform axial loadusing exact parametric solution
equations of kelvin-solid models--part i. Humaremertebral joints. J. Biomech., 17,
113-130.

Chaffin, D.B., Andersson, G., Martin, B.J., 199TdOpational biomechanics: Wiley New York.

Gay, R.E., llharreborde, B., Zhao, K., Zhao, C., KrN., 2006. Sagittal plane motion in the
human lumbar spine: Comparison of the in vitro gitac neutral zone and dynamic
motion parameters. Clin. Biomech., 21, 914-919.

Glantz, S.A., 1974. A constitutive equation for gessive properties of muscle. J. Biomech., 7,
137-145.

Greven, K., Rudolph, K., Hohorst, B., 1976. Cre#tprdoading in the relaxed and contracted
smooth muscle (taenia coli of the guinea pig) un@eious osmotic conditions. Pflugers
Arch., 362, 255-260.

Groth, K.M., Granata, K.P., 2008. The viscoelastandard nonlinear solid model: Predicting
the response of the lumbar intervertebral dislote-frequency vibrations. J. Biomech.
Eng., 130, 031005.

Guan, Y., Yoganandan, N., Moore, J., Pintar, FZhang, J., Maiman, D.J., Laud, P., 2007.
Moment-rotation responses of the human lumbosapiahl column. J. Biomech., 40,
1975-1980.

Hawkins, D., Lum, C., Gaydos, D., Dunning, R., 20D9namic creep and pre-conditioning of
the achilles tendon in-vivo. J. Biomech., 42, 2&83-/.

Hendershot, B., Bazrgari, B., Muslim, K., Toosizadd., Nussbaum, M.A., Madigan, M.L.,
2011. Disturbance and recovery of trunk stiffnesd @eflexive muscle responses
following prolonged trunk flexion: Influences ogf#tion angle and duration. Clin.
Biomech., 26, 250-256.

Hult, E., Ekstrom, L., Kaigle, A., Holm, S., Hanssd ., 1995. In vivo measurement of spinal
column viscoelasticity—an animal model. Proc Ingdid Eng H, 209 (2), 105-110.

Kazarian, L., 1975. Creep characteristics of thadwu spinal column. Orthop. Clin. North Am.,
6, 3-18.

Keller, T.S., Holm, S.H., Hansson, T.H., Spendger,1990. The dependence of intervertebral
disc mechanical properties on physiologic condgid®pine, 15, 751-761.

Keller, T.S., Nathan, M., 1999. Height change cdusgecreep in intervertebral discs: A sagittal
plane model. J Spinal Disord Tech, 12, 313-324.

Keller, T.S., Roy, A.L., 2002. Posture-dependeoirstric trunk extension and flexion strength
in normal male and female subjects. J Spinal DiJerch, 15, 312-318.

Koeller, W., Muehlhaus, S., Meier, W., Hartmann,1286. Biomechanical properties of human
intervertebral discs subjected to axial dynamic passion--influence of age and
degeneration. J. Biomech., 19, 807-816.

Kumar, S., Dufresne, R.M., Schoor, T.V., 1995. Hartrank strength profile in flexion and
extension. Spine, 20, 160-168.

38



Lehman, S.L., Stark, L.W., 1982. Three algorithimsifiterpreting models consisting of ordinary
differential equations: Sensitivity coefficientgensitivity functions, global optimization.
Math. Biosci., 62, 107-122.

Linke, W.A., Leake, M.C., 2004. Multiple sourcespafssive stress relaxation in muscle fibres.
Phys. Med. Biol., 49, 3613-3827.

Little, J.S., Khalsa, P.S., 2005. Human lumbar egireep during cyclic and static flexion: Creep
rate, biomechanics, and facet joint capsule sthan. Biomed. Eng., 33, 391-401.

Machiraju, C., Phan, A.V., Pearsall, A., Madanadopa 2006. Viscoelastic studies of human
subscapularis tendon: Relaxation test and a wieamaiel. Comput. Methods Programs
Biomed., 83, 29-33.

Magnusson, S., Simonsen, E., D#feulsen, P., Aagaard, P., Mohr, T., Kjaer, M., 1996
Viscoelastic stress relaxation during static strétchuman skeletal muscle in the
absence of emg activity. Scand. J. Med. Sci. Sp6rt323-328.

Magnusson, S., Simonsen, E.B., Aagaard, P., GlBimyichugh, M., Kjaer, M., 1995.
Viscoelastic response to repeated static stretdghitfie human hamstring muscle. Scand.
J. Med. Sci. Sports, 5, 342-347.

Magnusson, S.P., Aagaard, P., Nielson, J.J., 2B88sive energy return after repeated stretches
of the hamstring muscle-tendon unit. Med. Sci. 8pBxerc., 32, 1160-1164.

Mcclure, P., Siegler, S., Nobilini, R., 1998. Thimensional flexibility characteristics of the
human cervical spine in vivo. Spine, 23, 216-223.

Mccook, D.T., Vicenzino, B., Hodges, P.W., 2009ti®ity of deep abdominal muscles
increases during submaximal flexion and extensftorte but antagonist co-contraction
remains unchanged. J. Electromyogr. Kinesiol.,75a-762.

Mcqill, S., 2007. Low back disorders: Evidence-labgeevention and rehabilitation: Human
Kinetics Publishers.

Mcqill, S., Brown, S., 1992. Creep response ofltinebar spine to prolonged full flexion. Clin.
Biomech., 7, 43-46.

Mcqill, S., Seguin, J., Bennett, G., 1994. Passtiféness of the lumbar torso in flexion,
extension, lateral bending, and axial rotationeEiffof belt wearing and breath holding.
Spine, 19, 696-704.

Mcgill, S.M., 1991. Electromyographic activity dfea abdominal and low back musculature
during the generation of isometric and dynamic laximk torque: Implications for
lumbar mechanics. J. Orthop. Res., 9, 91-103.

Nussbaum, M., Chaffin, D., 1996. Development araluation of a scalable and deformable
geometric model of the human torso. Clin. Biometh,,25-34.

Oliver, M., Twomey, L., 1995. Extension creep ie tbmbar spine. Clin. Biomech., 10, 363-
368.

Olson, M.W., Li, L., Solomonow, M., 2009. Interamnti of viscoelastic tissue compliance with
lumbar muscles during passive cyclic flexion—exi@msJ. Electromyogr. Kinesiol., 19,
30-38.

Oxland, T.R., Lin, R.M., Panjabi, M.M., 1992. Thrdimensional mechanical properties of the
thoracolumbar junction. J. Orthop. Res., 10, 573:58

Panjabi, M., Oxland, T., Yamamoto, I., Crisco,1894. Mechanical behavior of the human
lumbar and lumbosacral spine as shown by three+diioeal load-displacement curves.
J. Bone Joint Surg. Am., 76, 413-424.

39



Panjabi, M.M., 1992. The stabilizing system of gpgne. Part ii. Neutral zone and instability
hypothesis. J. Spinal Disord., 5, 390-396.

Panjabi, M.M., 2003. Clinical spinal instability&itow back pain. J. Electromyogr. Kinesiol.,
13, 371-379.

Parkinson, R.J., Beach, T.a.C., Callaghan, J.P4.ZDhe time-varying response of the in vivo
lumbar spine to dynamic repetitive flexion. ClinoBech., 19, 330-336.

Provenzano, P., Lakes, R., Corr, D., Vanderby2B02. Application of nonlinear viscoelastic
models to describe ligament behavior. Biomech Madiethanobiol, 1, 45-57.

Purslow, P.P., Wess, T., Hukins, D., 1998. Collageentation and molecular spacing during
creep and stress-relaxation in soft connectiveess]. Exp. Biol., 201, 135-142.

Raschke, U., Chaffin, D.B., 1996. Support for @#nlength-tension relation of the torso
extensor muscles: An investigation of the lengtth eelocity emg-force relationships. J.
Biomech., 29, 1597-1604.

Roy, A., Keller, T., Colloca, C., 2003. Posture-eiegent trunk extensor emg activity during
maximum isometrics exertions in normal male anddiensubjects. J. Electromyogr.
Kinesiol., 13, 469-476.

Roylance, D., 2001. Engineering viscoelasticitypB@ment of materials science and
engineering. Massachusetts Institute of Technol@gynbridge, MA, 2139, 24.

Ryan, E., Herda, T., Costa, P., Walter, A., Crardgr2011. Dynamics of viscoelastic creep
during repeated stretches. Scand. J. Med. Scit§##, 179-184.

Ryan, E.D., Herda, T.J., Costa, P.B., Walter, AHoge, K.M., Stout, J.R., Cramer, J.T., 2010.
Viscoelastic creep in the human skeletal muscleteemnit. Eur. J. Appl. Physiol., 108,
207-211.

Sanjeevi, R., 1982. A viscoelastic model for theehamical properties of biological materials. J.
Biomech., 15, 107-109.

Sarver, J.J., Robinson, P.S., Elliott, D.M., 20W&thods for quasi-linear viscoelastic modeling
of soft tissue: Application to incremental streskxation experiments. J. Biomech. Eng.,
125, 754.

Scannell, J.P., Mcgill, S.M., 2003. Lumbar postusheuld it, and can it, be modified? A study
of passive tissue stiffness and lumbar positiomnduactivities of daily living. Phys.
Ther., 83, 907-917.

Shin, G., D’souza, C., Liu, Y.H., 2009. Creep aatigue development in the low back in static
flexion. Spine, 34, 1873-1878.

Shin, G., Mirka, G.A., 2007. An in vivo assessmefiihe low back response to prolonged
flexion: Interplay between active and passive gss(Clin. Biomech., 22, 965-971.

Solomonow, M., Eversull, E., He Zhou, B., BaraRay., Zhu, M.P., 2001. Neuromuscular
neutral zones associated with viscoelastic hystedesing cyclic lumbar flexion. Spine,
26, E314-E324.

Stokes, l.a.F., Gardner-Morse, M., 2003. Spinffingtss increases with axial load: Another
stabilizing consequence of muscle action. J. Ebecyogr. Kinesiol., 13, 397-402.

Strganac, T.W., Golden, H.J., 1996. Predictionsasflinear viscoelastic behavior using a hybrid
approach. Int J Solids Struct, 33, 4561-4570.

Taylor, D.C., Dalton, J.D., Seaber, A.V., Garr#tE., 1990. Viscoelastic properties of muscle-
tendon units. Am. J. Sports Med., 18, 300-309.

40



Thompson, R.E., Barker, T.M., Pearcy, M.J., 200&firiing the neutral zone of sheep
intervertebral joints during dynamic motions: Anvitro study. Clin. Biomech., 18, 89-
98.

Thornton, G., Oliynyk, A., Frank, C., Shrive, N99/. Ligament creep cannot be predicted from
stress relaxation at low stress: A biomechanicalysbf the rabbit medial collateral
ligament. J. Orthop. Res., 15, 652-656.

Toosizadeh, N., Bazrgari, B., Hendershot, B., MusK., Nussbaum, M.A., 2010. In vivo load-
relaxation of the trunk with prolonged flexionedSB, Providence RI.

Troyer, K.L., Puttlitz, C.M., 2011. Human cervicgine ligaments exhibit fully nonlinear
viscoelastic behavior. Acta biomaterialia, 7, 7@®-7

Truong, X., 1974. Viscoelastic wave propagation drablogic properties of skeletal muscle.
Am. J. Physiol., 226, 256-264.

Twomey, L., Taylor, J., 1982. Flexion creep defatioraand hysteresis in the lumbar vertebral
column. Spine, 7, 116-122.

Twomey, L., Taylor, J., 1983. Sagittal movementthef human lumbar vertebral column: A
guantitative study of the role of the posteriortebral elements. Arch. Phys. Med.
Rehabil., 64, 322-325.

Wenbo, L., Ting-Qing, Y., Qunli, A., 2001. Time-tperature-stress equivalence and its
application to nonlinear viscoelastic materialstaAlglechanica Solida Sinica, 14, 195-
199.

Yahia, L., Audet, J., Drouin, G., 1991. Rheologipedperties of the human lumbar spine
ligaments. J. Biomed. Eng., 13, 399-406.

Yamamoto, |., Panjabi, M.M., Crisco, T., Oxland, T989. Three-dimensional movements of
the whole lumbar spine and lumbosacral joint. Splde 1256-1260.

Youssef, J., Davidson, B., Zhou, B.H., Lu, Y., Pate, Solomonow, M., 2008. Neuromuscular
Neutral zones response to static lumbar flexionsdlar stability compensator. Clin.
Biomech., 23, 870-880.

41



3 Creep Deformation of the Human Trunk in Responséo Prolonged and
Repetitive Flexion: Measuring and Modeling the Effet of External Moment

and Flexion Rate

Nima Toosizadeh and Maury A. Nussbaum

Abstract

While viscoelastic responses of isolated trunk gss$ues have been characterized in earlier
studies, the effects of external moment and flexada on these responses in the intact human
trunk are largely unknown. Two experiments wenedtated to measure trunk viscoelastic
behaviors, one involving prolonged flexion with eead external moments and the other
repetitive trunk flexion with different external ments and flexion rates. Direct outcome
measures included initial trunk angle, creep arayhé, residual/cumulative creep. Viscoelastic
behaviors in both experiments were characterizedyudifferent Kelvin-solid models. For
prolonged flexion, external moment significantlyeated initial angle, creep angle, and
viscoelastic model parameters, while residual creegpained unchanged. For repetitive flexion,
cumulative creep angle significantly increased \ibith external moment and flexion rate.
Nonlinear viscoelastic behavior of the trunk waglemt in both experiments, which also
indicated better predictive performance using Kesolid models with»2 retardation time
constants. Understanding trunk viscoelastic beltawn response to flexion exposures can help
in future modeling and in assessing how such expssalter the synergy between active and

passive trunk tissues.
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3.1 Introduction

Time-dependent behaviors of trunk soft tissuesg@safly in response to flexion/extension
exposures, have been characterized in severakstu@ihese include measurements of
viscoelastic properties of spinal motion segmehitti¢ and Khalsa 2005; Twomey and Taylor
1982), and passive muscle components (Hawkins,&G09; Magnusson et al., 2000; Ryan et
al., 2011). Further, creep in the human trunkbesen measured vivoduring prolonged and
repetitive flexion exposures , and creep/recovetyaviors have been assessed in feline spines .
While these studies have provided a fundamentagnstahding of the time-dependent responses
of trunk tissues, some limitations remain. Mosesweements of spine viscoelastic properties
have been performed on cadaveric material, an@ thestro experiments do not account for
metabolic processes that are influential in protmhtests (Hult et al., 1995; Keller et al., 1990).
Moreover, there is evidence for nonlinear viscaetdsehavior of trunk soft tissues (Hult et al.,
1995; Toosizadeh et al., 2012; Troyer and Put@@tl,). In the fevin vivostudies that

measured viscoelastic properties in trunk flexameep deformations were measured with only
one or two external moment magnitudes. As simchiyvo creep deformations of the human

trunk to prolonged and repetitive flexion, and tependency of these responses to diverse

loading magnitudes/rates, are still unknown.

One important application of information regardingnk viscoelastic behavior is in assessing
work-related low back disorder (WRLBD) risk. Epmdi®logical studies indicate an increased
risk of WRLBDs due to prolonged or repetitive trutdxion, especially when these exposures
are followed by a demanding task such as liftingqgendoorn et al., 2000; Prado-Leon et al.,

2005; Punnett et al., 1991). A potential mechanismlved is viscoelastic deformation of
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passive tissues in the posterior trunk and a swlesggeduction in trunk passive stiffness
(Bazrgari et al., 2011; Olson et al., 2009; Parmst al., 2004; Solomonow 2011; Toosizadeh
et al., 2012). Trunk passive stiffness along witlscle activity (i.e., reflexive and voluntary
contractions) contribute to trunk equilibrium andslity (Panjabi 1992; Reeves et al., 2007). A
reduction in trunk passive stiffness might be conga¢ed by additional muscle activity, which
can increase the loading on spinal motion segmariease metabolic cost, and contribute to
muscle fatigue (Adams and Dolan 1995; Shin eR809). Since WRLBD risk may be
associated with spinal loads and muscle fatigu&K&aet al., 2009; Brereton and McGill 1999;
Burdorf and Sorock 1997), describing time-dependbanges in load partitioning among active

and passive trunk tissues can help in understardisgisk.

In the current work, creep deformation and recovesye measureith vivo in response to

several external moments during prolonged flexigposures (Experiment 1), atm several
external moments and to several rates of repetitivek flexion (Experiment 2). Given the

noted evidence of nonlinear viscoelastic behavidrumk soft tissues, we hypothesized (1) that
the whole trunk would exhibit nonlinear viscoelastsponses to flexion exposures. We also
hypothesized (2) that the recovery of mechanicaperties would depend on the external
moment during exposure. Kelvin-solid models, sfpeadly the Generalized Kelvin (GK) and
standard nonlinear solid (SNS) models, have gifierbest predictions of viscoelastic responses
under quasi-static conditions (Groth and Grana@B82Machiraju et al., 2006), and the same
models were used here to predict creep deformatibtiee whole trunk. We hypothesized (3)

that these viscoelastic models would have diffesngcess in characterizing these responses.
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3.2 Methods: Prolonged Flexion

3.2.1 Participants

Ten healthy young adults (Table 3.1), with no sefferted history of low-back pain, participated
after completing informed consent procedures apgaddy the Virginia Tech Institutional
Review Board. In both experiments, relatively yoyarticipants (range = 19-28 yr) were

included to avoid potential influences relatedge.a

Table 3.1: Mean (SD) values of participant age amtiropometry in the two trunk flexion
experiment.

Prolonged Flexion ~ Number Age (yr)  Stature (cm) Body mass (kg)

All 10 24 (4 174.5 (9.8 71.3 (10.7
Male 5 24 () 182.7 (4.0 79.8 (5.5
Femals 5 24 (3 166.3 (5.5 62.7 (6.7
Repetitive Flexion

All 12 24 (5 174.8 (7.7 70.9 (5.8
Male 6 25 (4 179.6 (5.9 74.2 (4.1
Femal 6 24 (3) 170.0 (6.5 67.6 (5.5

3.2.2 Experimental design and procedures

Prolonged trunk flexion exposures were performeidvestigate the effect of external moment
on viscoelastic properties. Participants stood igid frame, and straps were used to restrain
the pelvis and lower limbs. For conditions involyiextra loads (see below), two weights were
attached to participants’ wrists (Figure 3.1). quantify viscoelastic deformation during flexion
exposure, lumbar flexion angle was measured usiagial measurement units (IMUs: Xsens
Technologies XM-B-XB3, Enschede, Netherlands). Bkkre placed on the skin using
medical-grade, double-sided tape, over the spipoasesses of T12 and S1, and sampled at 100

Hz. Electromyography (EMG) of the erector spinatetifje L1 and L3 levels), rectus abdominus,

45



and external obligue muscles was collected bildyenaing bipolar Ag/AgCl surface electrodes,
with electrode placements as previously reportesb§izadeh et al., 2012). Raw EMG data were
preamplified (x100) near the collection site, baasdpfiltered (10-500 Hz) and amplified in

hardware (Measurement System Inc., Ann Arbor, MBA), and sampled at 1000 Hz.

Extra Loads

Figure 3.1: Experimental setup for creep testimmndition with 42 N of extra load is illustrated),
including placement of inertial measurement uriN&LS).

The effect of moment on viscoelastic behaviorsrygrolonged flexion was assessed using five
levels of external moment induced by extra load8, &1, 42, 63, and 84 N for males and O,
13.5, 27, 40.5, and 54 N for females. The maxinhmed for males was set to represent the
mean weight handled in a high-risk manual matdwaldling task (Marras et al., 1993), and the
maximum load for females was adjusted based otiveliéfting capacities between genders

(Mital 1984, Snook and Ciriello 1991). Prolongékion exposures were completed in sessions
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on different days and with3 days between consecutive sessions. The prasenatiler was
counterbalanced using 5 x 5 Latin Squares (onedoh gender), and sessions were conducted
before 9:00 am to minimize the effects of cumulkatiiaily loading. Prolonged creep
deformation was induced by participant’s flexingititrunk slowly to full passive trunk flexion
(~3 sec), remaining in this flexed posture (6 mamd then slowly returning to the upright
standing posture (~3 sec). During full flexionrtpapants were asked to face downward,
looking at a mark on the floor, and with their arm@nging vertically. These procedures were
intended to minimize changes in trunk angle anérei moments due to body movements.
EMG measures (as described above) were used astdifck to minimize voluntary muscle
activation, thus ensuring that measures were praduontty reflecting passive tissue properties.
Six minutes of full flexion was considered sufficidor estimating viscoelastic properties
(McGill and Brown 1992). Longer periods were neéd to avoid soreness in the biceps femoris

and paraspinal muscles and consequent involuntaty imovements.

Following each prolonged exposure, additional thexiasks were completed to measure the
recovery of trunk viscoelastic properties. Sirue recovery phase has a rate about half that of
creep deformation (McGill and Brown 1992), 12 mesibf recovery were used, during which
participants adopted full passive flexion everyse@onds. This involved the same procedures as
above, though the flexed posture was maintainedrity 1 sec. Maximum lumbar angle during
each post-exposure flexion was recorded to charaetecovery. The rate of three flexions/min
was selected based on pilot results, as suffiteeoapture rapid initial recovery behaviors but
also to avoid excessive creep deformation duepetiteve trunk flexion. Moreover, to account

for potential influences of repetitive flexion dugi recovery, cumulative creep due to repetitive
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flexion was quantified in the subsequent experinféescribed below) and was subtracted from

the current results.

3.2.3 Outcome measures

Several direct and derived (model-based, deschle&nlv) outcome measures were obtained:
initial angle, creep angle, residual creep, andogtastic model parameters during creep. Three-
second windows at the start and end of each prebbfigxion were used to calculate initial and
creep angles. Residual creep was defined asffleeetice between the mean of the last two full

flexion angles in the recovery phase and the irptie-creep angle (Figure 3.2).

37 -
Exposure Recovery

35 + -k ==
31 Creep l,
\ Angle _-———

L T AT T T AN ===
Initial Residual

29 4 Angle Creep

Flexion Angle (deg)

27 1+

25 i t = = ' - = 1
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Figure 3.2: Sample results, indicating lumbar hexangle during creep exposure and recovery,
and selected outcome measures. Experimental gatduatrated in grey for an exposure with
85 N of extra load.
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3.2.4 Viscoelastic models
To characterize trunk creep deformation in respeogeolonged flexion, two common types of
Kelvin-solid models (i.e., GK and SNS models) dfating complexity were used (Figure 3.3).

The creep equation for the GK model is (Findleslet1989):

t
a(t) = M, y=1%<1 - e_T_i) + X 3.1

0

whereJ; andt; (Ti = %) respectively are stiffness and retardation timestants in thé‘"

Kelvin componentn is the number of Kelvin components (sehts 2,3 and 4); ang, is the
stiffness of an in-series torsional spring repréagrinstantaneous deformation. Helg, is the
external moment, and was considered constant dprignged flexion exposure since changes
due to creep deformation are negligible (McGill &8rdwn 1992). A multi-segment model was
used to estimate the external moment at the L2el8I1(~ middle of the lumbar spine) for each
participant in each loading condition. To deterenihe moment arms of upper body segments
(head, neck, upper extremities, thoracic and lurspare), the relative sagittal rotation of each
motion segment (T12-L1 through L5-S1) was estimatgdg available material properties
(Bazrgari et al., 2008; Guan et al., 2007; Parghlail., 1994), and the thorax, neck, and head
were considered as one rigid body (Arjmand anda&hidl 2005; Nussbaum and Chaffin
1996). Mass and mass center locations for modghsats were derived and scaled based on

participant body mass and stature (Bazrgari e2808; De Leva 1996).

With n = 1, the GK model is simplified to the SNS modgtaduced by Groth and Granata,
(2008). This has the same structure as the SLR®Inget spring and damper components have

nonlinear force-length or force-velocity properti€ghe creep equation for the SNS model is:
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6() = 2o (Mt _oor) (3.2)

Ky K,
whereK; andC are stiffness and damping of torsional spring @athper components in parallel,
andK; is the stiffness of an in-series torsional spfiRigure 3.3).K; andC represent viscous

responses to deformation, akigthe instantaneous response; the retardation tmstant

(T = Ki) describes the rate of creep (Burns et al., 1984).
1

T 12 Nn
L e
]1 12 ]n

C

K,
K

Figure 3.3: lllustration of two Kelvin-solid modelgK (top), and SNS (bottom). Each spring
and damper combination in parallel represents @iKehodel. For clarity, linear rather than
rotational components are illustrated.

Model parameters were estimated for each prolofiggn exposure, by minimizing least-
squared errors in predicted lumbar flexion angiBsth models were then used to predict
recovery behaviors using mean parameter valuessapanticipants for each loading condition.
Using the Boltzmann Superposition Principle, théfeing recovery equation was derived for

the GK model (Findley et al., 1989), assuming thatV/, moment was removed gt = 6 min

(i.e., at the end of prolonged flexion period):

o(t) = M, ?=1]ii<e_fii) (e% - 1), (fort > t,) (3.3)
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Similarly, the recovery equation for the SNS madel

6(t) = ’:—f(e‘%) (e7 ~1). (fore > t;) (3.4)

3.2.5 Data analysis

After testing for normality of distribution, sepsganixed-factor analyses of variance (ANOVAS)
were performed to evaluate the effects of extam@hent and gender on the outcome measures.
Only the relevant SNS model parametdfs K,, andC) were analyzed in this way, to assess
potential nonlinearity in elastic and viscous pmies, since their interpretation is relatively
straightforward vs. parameters within the GK mo#elst-hoc comparisons between flexion
exposure levels were done, where relevant, usikgyrs HSD. Effects of external moment on
initial angle, creep angle, and SNS model pararsetere also explored using linear and
nonlinear curve fits to mean values, and these weatiated based on coefficients of
determination ). Model predictions of creep deformation durirtbprolonged flexion and
recovery were then compared with measured anglkesse predictions were evaluated using the
mean, across participants, of coefficients of deieation () and root-mean-square errors
(RMSE) obtained from linear regressions within eexposure. Throughout, statistical
significance was concluded whpre 0.05, and all analyses were performed using N@Ps{on

9, SAS Institute Inc., Cary, NC, USA). All summatgatistics are given as means (SDs).

3.3 Results: Prolonged Flexion
There were significant effects of external momentrotial angle and creep angle (Table 3.2).
Both outcome measures were larger with increasestred moment (Figure 3.4), and were well

characterized by exponential functiofé ¥ 0.96). External moment did not affect residual
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Table 3.2: Effects of external moment and gendetticect and derived outcome measures
following prolonged flexion. The symbol * indicata significant effect.

Measure Moment Gender Moment x Gder
Initial angle F26=3.0,p=0.037" F18=0.08,p=0.7¢ F4.26=0.6,p=0.6¢
Creep ang| F26=18.86,p<0.0001" F8=0.3,p=0.62 F28=0.5,p=0.71
Resdual cree| F(4,26=0.05,p=0.9¢ Fu7=1.2,p=0.31 F(4,26=0.7,p=0.6%
K1 F(4,231=7.3, p=0.0004" Fag=1.4, p=0.2i F(4]28220.4, p=0.81
K>, F(4,23:=0.6, p=06_l F(l,g}:9.8, |’J=0014i F(4]28120.2, p:09:
C F(428=5.2,p=0.0029’ F18=0.2,p=0.6F F(1.2=0.5,p=0.7%

creep, however, and which was 3.2 (7.1) deg a@wgssure conditions. External moment
significantly affected th&,; andC parameters within the SNS model (Table 3.2), aitl b
decreased with increasing external moment (Figlse 35ender had a significant effect only on
the K, parameter, which was larger for males than fenmati@s40 (0.38) and 1.84 (0.36)

Nm/deg, respectively.
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Figure 3.4: Effects of external moment, induceshg®xtra loads (at the wrists), on initial and
creep angles. Post-hoc groupings are indicatdatdkets and letters, and best-fit exponential
relationships are provided. Mean values of extagl$o(across genders) are presented.
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Figure 3.5: Effects of external moment on SNS maaeameters for both genders: a) stiffness
of Kelvin componentK;,); b) in-series (instantaneous) stiffneks)( and c) damping of Kelvin
component(). Best-fit relationships (linear or exponentiak grovided.

The viscoelastic models exhibited different lewagrediction quality during creep exposures.

Compared to the SNS model (Egn 3.2), adding aaegtardation time constant (GK modal;

=2, Egn 3.1) improve& and RMSE by 0.7% and ~23%, respectively, acrdssxpbsure

conditions. Respective valuesRffand RMSE across all exposure conditions were @IR)

and 0.22 (0.13) deg for the SNS model, and 0.9®2jGnd 0.17 (0.12) deg for the GK model.
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Use of additional retardation time constants (ines,3 or 4) had only minor effects & and
RMSE. Therefore, only the GK model witiF 2 was maintained (to model prolonged
flexion/recovery here, and repetitive flexion ire tbubsequent experiment). Moreover, model

prediction quality did not substantially vary ag@xposure conditions.
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Figure 3.6: Representative data showing fast amsl phases of creep and recovery, and the,
relative advantage of the GK vs. SNS models fodiptang behaviors. Experimental results are
mean values for exposures involving the largestresl moment (i.e., largest extra load).

Prediction quality during the recovery period diéfé between models (Figure 3.6), and
predictions of recovered angles were better ugiedaK vs. SNS models (Figure 3.7).
Respectivé¥’ and RMSE values for prediction errors across gibsxre conditions were 0.64
(0.12) and 0.83 (0.16) deg for the GK model and@ @613) and 1.01 (0.23) deg for the SNS

model.
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Figure 3.7: Predicted recovered angles using the@®KSNS models. Mean values of extra
loads (across genders) are presented.

3.4 Methods: Repetitive Flexion

3.4.1 Participants

Twelve healthy young adults completed this expeninf€able 3.1). As in the first experiment,
none had a self-reported history of low-back paimg all completed informed consent

procedures approved by the Virginia Tech InstitugicReview Board.

3.4.2 Experimental design and procedure

Repetitive trunk flexion exposures were performedyssess the effect of flexion rate and
external moments on trunk mechanical behaviorsgusimilar instrumentation as in Experiment
1 (i.e., rigid frame, EMG, and IMUs). Each papi@nt completed six experimental conditions
involving all combinations of three flexion rate(, 2, 3, and 4 flexions/min) and two external
moments (i.e., extra loads of 0 and 84 N for mdemnd 54 N for females). These rates were
intended to cover a wide range of potential ocaopat exposures (Marras et al., 1993). As in

the first experiment, the order of conditions wasrterbalance, and completed in separate
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sessions, in the morning, and witB days between sessions. Participants perfornpeditiee
trunk flexion following similar procedures as iretrecovery period described for the prior
experiment, and during which lumbar flexion angtel @xtensor and flexor muscle activities
were recorded. Isometric reference contractiomewakso performed, both before and after the
repetitive flexion task, to assess fatigue develapinm trunk extensor muscles. Reference
contractions involved generating a sub-maximalkrextensor force, of 50% of maximum
voluntary contraction force, for 30 seconds asravipus work (Dolan and Adams 1998; Roy et
al., 1989). This force was maintained using visaatiback. For both reference and maximum
contractions, a rod-harness assembly was usedseshi in our previous work (Bazrgari et al.,

2011; Hendershot et al., 2011; Toosizadeh et @12

3.4.3 Outcome measures

Direct outcome measures for the repetitive flex@@posure were: initial angle, cumulative creep
angle, and extensor muscles activity. The medheofirst three full flexion angles was obtained
as the initial angle, and the difference betweemtiean of the last three full flexion angles and
the initial angle was obtained as the cumulatieeprangle (Figure 3.8). EMG of the extensor
and flexor muscles during the exposures was RMS8earted (time constant = 50 msec).
Changes in mean RMS values, between the last estdHiee flexions, were derived to indicate
potential changes in muscle activity due to visasit deformations. Fatigue development was
assessed by changes in EMG RMS and median freq®teyof the trunk extensor muscles

during the reference contractions.
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Figure 3.8: Representative results illustratingbamflexion angle during cumulative creep, and
selected outcome measures. Experimental datdusteated in grey for a prolonged flexion
exposure with 85 N of extra load and 4 flex/mirerat

3.4.4 Viscoelastic models

Estimated model parameters from the prior experir@olonged flexion) were used here to
predict creep behavior of the trunk in responsepetitive flexion. To achieve this, a
predefined external moment history (as in Figug) &as specified for each exposure condition
(i.e., each combination of external moment andidiexate), and flexion angle was calculated by

solving the following equations for the GK and SM8dels, respectively (Findley et al., 1989):

o) = ( =1 DTL-1+]l- + i) M (3.5)
o(t) = (D;Kl + Ki) M (3.6)

whereD is the differential operator with respect to ti(rfe;). To define external moment history

for each exposure condition, the maximum exterrahent (see Figure 3.9) was estimated at
the L2-L3 level (~ middle of the lumbar spine) wgsthe multi-segment model described earlier.
Mean values of participant stature and body mamsa the current experiment were used to

specify model anthropometry.
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Figure 3.9: A cycle of external moment history fepetitive flexion at 4 flex/min rate. A similar
moment history was applied for 2 and 3 flex/miregatwith longer rest periods.

3.4.5 Data analysis

After testing for normality of distribution, sepseanixed-factor analyses of variance (ANOVAS)
were performed to evaluate the effects of extam@hent, flexion rate, and gender on the direct
outcome measures. Post-hoc comparisons betwegorflexposure levels were done, where
relevant, using Tukey's HSD. To assess fatigumet (i.e., pre-exposure, and post-exposure)
was included as an additional independent variavld ANOVASs were used to assess changes
in EMG RMS and MF of the trunk extensor musclesrduthe reference contractions. To
evaluate the models, predicted creep deformatianagirepetitive flexion were compared with
measured angles. For this, means of coefficiehtgetrmination &%) and RMSE were obtained
across participants for each exposure. Statigtigaificance was concluded whpr: 0.05, and

all summary statistics are given as means (SDs).

3.5 Results: Repetitive Flexion
Initial angle and cumulative creep angle both iasesd significantly with external moment

(Table 3.3). However, only cumulative creep angteeased with flexion rate (Figure 3.10).
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Table 3.3: Effects of external moment and flexiateron direct outcome measures following
repetitive flexion. The symbol * indicates a siggant effect.

Measure Moment Rate Moment x Rate
Initial angle F(1,441=18.1,p=0.0001’ F(2,44]=0.7, p=0.52 F(2]44::2.7, p=0.07¢
Cumulative cree  F 44=5.4,p=0.025’ F(2.44=8.6,p=0.0007" F.44=1.2,p=0.3C
Muscle activit F(144=0.1,p=0.7¢ F44=1.6,p=0.22 F(44=0.4,p=0.6¢

There were no main or interactive effects of exdemoment or flexion rate on muscle activity,
and there were no main or interactive effects oidge on any of the outcome measuges (
0.11). EMG RMS or MF values did not change betwaen and post-exposure reference
contractionsyg > 0.32). Cumulative creep was respectively owaneded and underestimated

using the GK and SNS models (Figure 3.10).
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Figure 3.10: Effects of external moment and flexiate on cumulative creep. Values are given
for both experimental and model-predicted resuliean values of extra load (across genders)
are presented.
3.6 Discussion
3.6.1 Prolonged trunk flexion

In support of our first hypothesis, nonlinear vislestic trunk properties were observed in

response to flexion exposures. This was apparemt the moment-dependency of SNS model
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parameters: botk; andC decreased as external moment increased, whilethelation time
constant ) was consistent across the applied range of eddterament. Similar changes in

SNS model parameters with applied load were rega#elier forin vivoaxial compression on
porcine lumbar motion segments (Hult et al., 199H)ese changes suggest reduced viscoelastic
stiffness with larger external moments and consetijya nonlinear creep deformation, and

which was evident here from creep angle-momentiogiships (Figure 3.4). Adding to previous
evidence of nonlinear viscoelastic behaviors ohapsoft tissues (Hult et al., 1995; Toosizadeh
et al., 2012; Troyer and Puttlitz 2011), the curreark indicates nonlinearity in the whole trunk

response to flexion exposures.

During prolonged trunk flexion, the mean (SD) creegponse was 4.1 (2.2) deg here without
extra loads, comparable to earlier results of Adb42 deg of creep after 5 and 10 minutes of
standing flexion, respectively (Shin and Mirka 208%in et al., 2009), and a creep angle of ~3
deg after 6 minutes of flexion in a seated postiMeGill and Brown 1992). The increase in
angle due to creep was ~11% here across all loadinditions, and aim vitro experiment
(Twomey and Taylor 1982) using isolated lumbar mmosegments showed similar creep
behaviors (~11% increase in flexion angle afteriGutes of loading). This indicates a
predominant contribution of spinal motion segmentgroviding passive stiffness, though
additional work is needed to facilitate an accuestttmation of the load distribution among
passive muscle tissues and spinal motion segnesyscially in response to prolonged loadings.
Regarding trunk elastic properties, the relatiopdldtween external moment and initial angle
(i.e., instantaneous moment-angle relationshiphdiooere is similar to previous vivo studies

(McGill et al., 1994; Parkinson et al., 2004). ldtigh changes in elastic stiffne&s X were not
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significant, the same pattern of increases witlermal moment were found. Further, elastic
stiffness was ~23% higher among males acrossading conditions, and the same gender
difference has been reported previously in truekifin (Brown et al., 2002; Parkinson et al.,

2004).

Although both Kelvin-solid models showed acceptaikdictions of viscoelastic behavior
(creep angle) during prolonged trunk flexion expesuin support of our hypothesis the GK
model presented some advantages. Two phasesepfdedormation were evident (Figure 3.6),
with an early (<1 min) rapid rate and a subseqakner rate. Similar dual-phase creep
behaviors were reported in previdaonitro studies using human spinal motion segments (Burns
et al., 1984). As such, the improved predictiosiag the GK model were probably from the
additional retardation time constant. This is camaple to our previous work, in which
predictions of load relaxation in the trunk wergnaved using models with2 constants
(Toosizadeh et al., 2012). Differences in viscsttabehaviors of trunk soft tissues (e.g.,
intervertebral discs, ligaments, or muscles) dileety underlying mechanism for this dual-phase
creep behavior. However, additional experimerdallts are again needed to characterize the

distinct viscoelastic properties of different pasdiissues.

Following prolonged flexion, mechanical propertiesovered from the imposed creep by ~43%
after 12 minutes. This suggests that a recovenpgéwice as long as the exposure is
insufficient for full recovery. Earlier work, ugirboth cadaver models (Little and Khalsa 2005;
Twomey and Taylor 1982) and the whole human tri8dz(gari et al., 2011; McGill and Brown

1992), also suggested a longer required recoveigdthan the duration of prolonged flexion

61



exposure to achieve full recovery. Furtherjranivo study using feline lumbar spine models
showed that even seven hours is not adequate ¥alproomplete recovery of viscoelastic creep
caused by 20 minutes of static flexion (Solomondale 2003). Overall, results here clearly
support that slower recovery vs. onset rates &xidtunk creep deformations. It was not
possible here, though, to predict the time requioedull recovery from creep deformations. A
relatively short recovery period was used, to mimérpotential confounding effects of
prolonged standing and repetitive flexion on trinekaviors (e.g., axial creep and muscle
fatigue). Further, the amount of recovery (i.ecavered angle) increased with the applied
external moment during prolonged flexion (Figuré)3and which led to a consistent level of
residual creep across exposure conditions (i.pp@ting our second hypothesis). This increase
in recovery magnitude with applied external momeas also predicted by both viscoelastic

models here, supporting a dependency of recoveti@external moment during exposure.

Mechanical properties recovery was roughly expaaewith time (Figure 3.6); across all

loading conditions ~54% of recovery occurred infire minute. Consistent results were
reported earlier (McGill and Brown 1992), speciliga rapid recovery (~50%) in the first two
minutes. Studies on feline spines also showedetkdnential models can describe the recovery
of mechanical behaviors following prolonged or tépe loading (Solomonow 2011; Youssef

et al., 2008). This rapid initial recovery wasgioted better here using the GK model,

suggesting a dual-phase process similar to thatrémp (see above).
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3.6.2 Repetitive trunk flexion

Cumulative creep increased substantially with leotiernal moment and flexion rate, with a
larger effect of the latter within the current raagexamined. An increasing flexion rate was
earlier shown to result in larger creep deformatiod neuromuscular alterations such as muscle
spasm and changes in reflexive behaviors (Lu g2@08). As such, to control the risk of
WRLBDs, reducing the flexion rate might be moresefive than reducing the external moment.
An increase in cumulative creep with large extemament and higher flexion rate was
predicted by both the GK and SNS models. HoweherSNS model underestimated and GK
model overestimated the actual creep responsesréF8g10). Such limitations in model
performance should be considered when using theselsifor predicting viscoelastic behaviors
of the trunk in response to repetitive flexion. tetal properties for this purpose should be
specifically derived for repetitive flexion exposwather than using properties from prolonged

flexion.

3.6.3 Limitations, implications, and conclusions

An important potential limitation of the currentidy is related to measurimg vivo viscoelastic
properties. Such measurement is challenging,quédattly given the relatively modest changes in
creep angle during trunk flexion exposures andiutievoidable presence of uncontrolled body
movements. These effects account, at least infoathe larger variability within each exposure
(larger RMSE) compared fto vitro studies. However, muscle activity during prolothiglexion
exposures was controlled here visually (duringtéisi) and assessed (following the task) using

additional analysis of the EMG data. EMG RMS mealues were not significantly different
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between the first and last minute of exposuresr(fpairedt-tests,p = 0.12), suggesting little

confounding due to uncontrolled movements.

In summary, nonlinear viscoelastic behavior of krsoft tissues was evident. The current
results, and our previous findings (ToosizadeH.eP812), indicate that viscoelastic properties
of the trunk are influenced by exposure conditi@pecifically the magnitude of external
moment and flexion angle. An improved understagaintrunk soft tissue responses to
prolonged or repetitive flexion exposures, inclggdifferent loading magnitudes/rates, can
facilitate predictions of load distributions amagpassive and active trunk tissues during and
following such exposures. Recovery of mechanittatations (i.e., changes in soft tissues
stiffness) was prolonged, and the recovery rated@gd on external moment. Residual creep,
though, was comparable after equivalent recovenpge following exposures with diverse
external moment. Hence, required recovery pemoalg be relatively independent of external
moment. Kelvin-solid models were used to char@aeeriscoelastic responses and derive
material properties in response to prolonged fiexagposures. Such material properties can be
used to predict trunk behaviors and lumbar meclsanicesponse to prolonged flexion
exposures, for example by incorporation within érgcale biomechanical models for evaluating
occupational tasks, especially those involvingkrflexion. However, use of these
properties/models for predicting viscoelastic res@s to repetitive trunk flexion should be done
with some caution due to potential inaccuracy edppting time-dependent trunk behaviors and

the limited age range examined here.
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4 Prolonged Trunk Flexion Can Increase Spine LoadBuring a Subsequent
Lifting Task: An Investigation of the Effects of Trunk Flexion Duration and

Angle Using a Sagittaly Symmetric Viscoelastic SpenModel

Nima Toosizadeh and Maury A. Nussbaum

Abstract

Load-relaxation of the human trunk following profmd flexion has been observed earlier, yet
the adverse effects of such viscoelastic behawiongerforming demanding tasks (e.g., lifting)
remain poorly understood. Theoretically, followiftgxion exposures trunk stiffness reduces
and this yields a compensatory increase in parakpiascle activation and spine loads. Here, a
multi-segment model with nonlinear viscoelasticgedies was developed. After evaluation, the
model was used to predict changes, resulting freamge of trunk flexion exposures, in several
outcome measures (i.e., peak spine load, peak stkfakess, and absorbed energy) at L5/S1
during simulated lifting. All three measures irased (e.g., up to ~9% (~284N) increase in spine
loads) following flexion exposures, and these clegngere magnified by increasing flexion
duration and angle. These results support primeepiological evidence that occupational low

back injury risk is elevated when prolonged trulgkion along with lifting are required.
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4.1 Introduction

An increased risk of occupational low back disosd@BDSs) is associated with work that
requires prolonged trunk flexion in combinationtwiifting (Hoogendoorn et al., 2000; Kuiper
et al., 1999; Prado-Leon et al., 2005; Punnet.ei@91). Trunk flexion exposures result in
viscoelastic deformation of passive tissues anohaeguent reduction in trunk stiffness
(Hendershot et al., 2011; Kazarian, 1975; Toosizadel., 2012). To achieve equilibrium, a
decrease in passive stiffness may require a cormpgsncrease in paraspinal muscle
activation (McCook et al., 2009; Olson et al., 2088in and Mirka, 2007; Shin et al., 2009), in
turn increasing the loads on intervertebral joartd other soft tissues. Moreover, substantial
forces/intradiscal pressures develop in spinal omasegments during lifting tasks (Mientjes et
al., 1999; Nachemson and Elfstorm, 1970; Wilkel e2801), which arise largely from the
relatively small moment arms of paraspinal mus(sGill and Norman, 1987; Tveit et al.,
1994; van Dieén et al., 1999). As such, small gkann the passive stiffness of the trunk (or
individual motion segments), such as due to flexarposures, might result in important changes
in spine loads (i.e., reactive compression andrdioeees on spinal motion segments) during
subsequent lifting tasks. One author has recometespecifically that, to reduce LBD risk,
strenuous exertions should be avoided after predrsgooping or lifting activities (McGill,

2007).

Assessing this potential injury mechanism, howeigethallenging. Direct methods for
measuring spine loads (e.g., intervertebral dissqire) are invasive (Nachemson and Elfstorm,
1970; Wilke et al., 2001), and computational maughas been used as a common alternative.

However, the complex and time-dependent behavittehuman spine during prolonged task
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performance has been an obstacle to estimating $spas, particularly for tasks involving
prolonged trunk flexion. Several studies have nextithe viscoelastic behavior of soft tissues
to explore time-dependent kinematics/kinetics, spadly for spinal motion

segments (Groth and Granata, 2008; Holmes and Huk#96; Li et al., 1995; Schmidt et al.,
2010; Silva et al., 2005; Wang et al., 2005) amnssp@ muscle components (Abbott and Lowy,
1956; Glantz, 1974; Greven and Hohorst, 1975; Hetilerma et al., 2008; Sanjeevi, 1982; Taylor
et al., 1990), and primarily using poroelastic ggas and Kelvin-solid models. Poroelastic
material properties of intervertebral discs camplugscribe/predict diverse biomechanical
behaviors, such as fluid loss and pore pressutenfsit et al., 2010), yet these aspects are less
relevant for spine load estimation and can be cdatimmally demanding. As such, Kelvin-solid
models are preferable to predict viscoelastic falisplacement behaviors of spinal motion
segments and time-dependent changes in spine |dadsng several alternatively, the Standard
Nonlinear Solid (SNS) and Prony Series models haat predicted viscoelastic responses under

guasi-static conditions (Groth and Granata, 20@fsizadeh et al., 2012; Wang et al., 2005).

The current study investigated whether prolongedkiflexion could affect spine loads during a
manual lifting task, thereby providing some suporta potential injury mechanism consistent
with epidemiological evidence. A viscoelastic mioofethe upper body was developed, based on
SNS components, and used to estimate spine loaogdulifting task both prior to and

following simulated flexion exposures. Muscle eaities increase in response to trunk flexion
exposures (McCook et al., 2009; Olson et al., 2@¥8n and Mirka, 2007; Shin et al., 2009), and
the mechanical effects of exposure are task spgtiendershot et al., 2011; Toosizadeh et al.,

2012). We thus hypothesized that peak spine Idadag the lifting task would increase
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following flexion exposures, but that this effeadwid be influenced by flexion angle and

duration.

4.2 Methods

4.2.1 Modeling approach

A scalable, multi-segment model of the upper bodg developed initially, with viscoelastic
material properties defined using SNS componeAtkinematics-driven approach was used to
estimate muscle forces and spine loads during alaied lifting task. The model was then
calibrated and evaluated using existing data bmtipfedicted viscoelastic behavior and spine
load. Finally, the model was used to predict spoaels during the simulated lifting task, and

changes in these loads were assessed by compatueg\before and after flexion exposures.

A sagittally-symmetric model was developed (Figdt®), containing six sagittally-deformable
lumbar motion segments (T12-L1 through L5-S1) anel ogid component representing all other
segments (head, neck, upper arms, forearms, handishorax). As in previous work (Arjmand
and Shirazi-Adl, 2006; Nussbaum and Chaffin, 1986)thorax was considered rigid during
voluntary flexion. Passive muscle components wapdeled in the sagittal plane (Figure 1),
with posterior muscles including 18 “local” muschesd two “global” muscles. Only passive
components of posterior muscles were modeled (gassintributions of abdominal muscles
were assumed negligible for trunk flexion). Musetgains, insertions, and physiological cross-
sectional areas (PCSAs) were obtained from exisgpgrts (Bogduk et al., 1992; Marras et al.,
2001; Stokes and Gardner-Morse, 1999), and a wmgppechanism was used to represent

changes in global muscle paths with trunk flexi@milar muscle insertion locations on T12-L5
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were used as in a previous report (Arjmand e2806), and the wrapping reactive forces were
considered as external forces in the kinematicedriapproach (see below). To facilitate
comparisons of model outputs with earlier resuttedel anthropometry was scaled to match the

latter (see Appendix A).

—a— LGPL Head and
MF Neck
-=—  |CPL ~ 71
QL
-X- ICPT
- |LGPT Rigid
Disc Thorax
| \Vertebrae
L1

Deformable I
Lumbar Motion 1
Segments \

A% \
Y [ A
s 814 o

Figure 4.1: Multi-segment model in an upright postGlobal muscles- ICPT: iliocostalis
lumborum pars thoracic, LGPT: longissimus thoraeiss thoracic.Local muscles- ICPL:
iliocostalis lumborum pars lumborum, LGPL: longrasis thoracis pars lumborum, MF:
multifidus, and QL: quadratus lumborum. Hands amds are not illustrated in this figure, and
the figure is not to scale.

Axial and rotational stiffness of each lumbar motsegment, and muscle stiffness along the line
of action, were modeled using SNS components (Eigu?). Elastic propertieX{ + K,) of

these SNS components were defined in several stegsting data (Bazrgari et al., 2008; Guan
et al., 2007; Panjabi et al., 1994) for spinal mosegments were used to define elastic

properties for axial compression and sagittal rota¢Appendix). Muscle elastic properties were
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developed from McCully and Faulkner (1983), aslati@ship between muscle-tendon passive

force (Fp) and axial displacement)
_ -8 17.49--
Fp = Fpgx [ 1.066e7° X e " Lo (4.2)

wherelL, is the optimal length an§,,,, is the maximum contractile force. Optimal lengths
estimated separately for each trunk extensor mggolg, by normalizing model-estimated
muscle length at 80% of full trunk flexion,) to the optimal sarcomere lengil ) as in
Equation 2. Specifi¢, values were obtained from Delp et al., (2001R.8§, 2.38, 2.37, and

2.31 um for multifidus, quadratus, iliocostalisddangissimus, respectively.
Lo =2.38x1076 x = (4.2)
S

The noted posture (80% of full trunk flexion) wadexted based on previous work (Keller and
Roy, 2002; Raschke and Chaffin, 1996), as estimgdtia optimum lengths of trunk extensor
muscles. In Equation (14, is the product of PCSA and the maximum contrastiless

(MCS). Since a wide range of values have beenrteghdor MCS, this parameter was estimated
using earlier data on flexion-relaxation (FR) asdl€oosizadeh et al., 2012). Specifically, at the
mean FR angle found in the noted study, MCS wasiattd using static moment equilibrium
(between passive and external moments) at L5/Stimited MCS was 42.7 N/cm2, within the
range previously reported (e.g., Bean et al., 18&8d et al., 1987). Only the L5/S1 level was

considered here, since origins of all trunk extemsoscles were at S1.

Subsequently, viscous properties were defined ysiegous experimental results for lumbar
motion segments (Adams and Dolan, 1995; Holmegarkihs, 1996; Johannessen et al., 2004)
and trunk muscles (Abbott and Lowy, 1956; Best.etl@94; Magnusson et al., 2000; Sanjeevi,

1982). Since these data were not sufficient tindefiscoelastic properties of all spinal motion
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Table 4.1: Estimated relationships between vis¢gysandC) and elasticK,) components of
spinal motion segments and muscles in the model.

Spinal Sagittal Rotation Sagittal Rotation Axial Deformation Axial Deformation
Level (Ko/(Ki+K>) (CI(K1+K2) (Ko/(Ky1+K>)) (CI(K1+K>))
T12-L1 0.26459! 0.00(231 0.82719:i 0.00018!
L1-L2 0.30000: 0.00024. 0.80262I 0.00010:
L2-L3 0.33214! 0.00025: 0.82637. 0.00011¢
L3-L4 0.35176! 0.00027: 0.76187! 0.00029
L4-L5 0.37006! 0.00030: 0.85683! 0.00019.
L5-S1 0.38746: 0.00031! 0.85683! 0.00019:
Muscle: - - 0.792¢44 0.01991

segments and muscle groups at different loadinghiades, they were only used to
approximate the relationships between viscéiysahdC) and elasticK; + K,) components
(Table 4.1). First,K; + K,) values were estimated for each SNS segment ohtdel (as

above), second, separate SNS equations wereldiddorelaxation data of spinal motion
segments and muscles from availableitro studies. Finally, using the elastic properties

(K; + K,) and fitted SNS models, relationships betweenouis@nd elastic components for each

spinal motion segment and muscle in the currentainadre derived.

Figure 4.2: SNS model representation of intervesdetiscs and passive muscles. Hékeand

C are the respective stiffness and damping of aoa$linear spring and damper components in
series (Maxwell component), akd is the stiffness of a parallel torsional/linearisg

(Roylance, 2001)K; andC represent viscous responses to deformakgris the steady-state
stiffness once the material is totally relaxed, &pd- K, is the instantaneous stiffness. The
moment-time equation for the SNS model at a con$iexion angle o#, is

M(t) = 6, (K, + Kle_%t).
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An inverse dynamics algorithm was used to estimaiscle forces and spine loads during
simulated lifting. Kinematics and external kinstif the pelvis, trunk, and lumbar motion
segments during lifting were obtained from a prasistudy (Bazrgari et al., 2007), and were
entered into the viscoelastic model to estimated¢eired moment (i.e., for equilibrium
corresponding to prescribed kinematics) at eaclibaurtevel. Using these moments, a separate
algorithm estimated active muscle forces with gjective of minimizing the sum of cubed

muscle stresses (as in Arjmand and Shirazi-AdIs20td Raikova and Prilutsky, 2001). A
similar posterior muscle architecture was usechdle passive model, but with the inclusion

here of abdominal muscles (i.e., rectus abdomintexnal oblique, and external oblique;
origin/insertion in Appendix A). Using an iteragiyrocedure, muscle forces were estimated that
satisfied moment equilibrium at each lumbar lewalh iterations continued at each time step
until convergence of estimated forces. Othervilse muscle forces were treated as external
forces and iterations were continued. ABAQUS (SINWInc., Version 8.5) implicit

dynamics, with a 0.01 sec time step, was usedddigtrrequired moment and spine loads at each
lumbar level using the described viscoelastic reé¢ggment model. Optimization analyses were

performed in Python (Python IDLE, Version 3.1.2).

4.2.2 Model calibration and evaluation

Experimental load-relaxation results (Toosizadefl.e2012) were used to adjust the model’s
viscoelastic behavior in response to prolongedktfiexion. Mean values of participant body
mass, stature, and FR angles from that study wsze 10 update scalable model properties (i.e.,
model geometry, muscle PCSAs, segment masses, @3J.IVA period of 16 minutes of load-

relaxation was then simulated in the model, foe fisvels of trunk flexion specified relative to
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the mean observed FR angle (specifically, 30, 8086, and 100% of FR angle). Moment-time
curves of the trunk from the model and experimergse compared using fitted SNS models,
and the following correction ratios were determined

Experiment
K, P

Model
Ky

Experiment i
K2 14 cExperiment

Pl = s P2 = W’ andP3 = (43)

cModel

Model-predicted material properties of spinal mots@gments in sagittal rotation and passive
muscle components were modified using these caorecatios(P;, P,, andP;), and the same
procedure was repeated until convergence of tiesraFinally, coefficients of determination
(R?) and root-mean-square errors (RMSE) were obtaimedch flexion angle, from linear
regression of moment-time curves from the modeeaslier results regarding load-relaxation

(Toosizadeh et al., 2012).

Estimated spine loads were then compared to reportevo values for several quasi-static
tasks (Wilke et al., 2001); for this, peak estimdteads (i.e., resultant compression and antero-
posterior shear forces) at L4/L5 were converted intradiscal pressures (Sato et al., 1999;
Shirazi-Adl and Drouin, 1988). Different modeltsggs, involving muscle wrapping and levels
of abdominal muscle co-activity, were used to esplbe influence of these model settings.
Abdominal muscle co-activity was assigned as agrgage of maximum contractile force of
each muscle group (El-rich et al., 2004). Foreh®galuations, anthropometry in the current

model was scaled based on earlier participant data.

4.2.3 Prolonged flexion exposures
Effects of flexion angle and duration on spine Bddring lifting were assessed for 15

combinations of three flexion durations (2, 4, 46dninutes) and five trunk flexion angles (30,
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40, 60, 80, and 100% of FR angle). These conditwere intended to represent a wide range of
occupational exposures. Two lifting tasks wereudated, before and after each of the 15
exposure combinations. The lifting task involveti8® N object and a peak trunk flexion of ~65
deg, and was performed quasi-statically over Jldeematics/kinetics data from Bazrgari et al.,
2007). Both the wrapping mechanism and co-actiwatiere included in all simulated lifting
tasks as they provided the best model predictises Results). Several parameters associated
with motion segment failure were estimated durlmglifting tasks, as percentage increases
(after vs. before flexion exposure) in: peak lgaehk axial stiffness, and absorbed energy (i.e.,
areas under the loading and unloading moment-angles) at L5/S1 (Yoganandan et al.,
1989). Only results for the lowest motion segn{e€btS1) are reported here, since most low
back problems occur at this level and mechani@dovere expected to be the highest (Kingma

et al., 1996).

4.3 Results

4.3.1 Calibration and evaluation results

Comparisons of viscoelastic responses between naodetxperimental results for 30%, 40%,
60%, 80% and 100% of FR yielded respecBealues of 0.92, 0.90, 0.96, 0.76, and 0.86 and
RMSEs of 1.22, 2.28, 5.14, 8.47, and 7.81 Nm. Camapns of measured and predicted
intradiscal pressures indicated that predictiorlityjueould be altered using different model
settings (Figure 4.3). For flexion tasks with ramt load, simulations with muscle wrapping and
no abdominal muscle co-activity provided reasonabdglictions of intradiscal pressure. For
load lifting, in contrast, intradiscal pressure waslerestimated using these same settings,

though model predictions were improved by addingpahinal muscle co-activity. Model
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predictions with no wrapping mechanism overestichaéadiscal pressure for tasks involving
greater flexion angles, and these overestimaticare Wwnproved by adding global muscle

wrapping.

5,
OExperiment (Wilke et al., 2001)
—_ @ No Wrapping & No Co-contraction
& 4 4 OWrapping & No Co-contraction
= OWrapping & 1.7% Co-contraction
o BWrapping & 3.4% Co-contraction
=
2 34
Y
o ‘N }
3 21
£
T
o
g 1 " i
|
0 . L. .

Flexion 36 deg Flexion 18 deg  Flexion 0 deg  Lifting (19.8kg)

Figure 4.3: Peak intradiscal pressure at L4/L5ewesal tasks from ain vivo experiment (Wilke
et al., 2001) and predicted by the current modi&bdel predictions were made under different
conditions of muscle wrapping and specified lewélabdominal muscle (RA, EO, and 10) co-

activity.

4.3.2 Results from prolonged flexion exposures

Prior to exposure, respective values of L5/S1 pea#t, peak axial stiffness, and absorbed

energy during the lifting task were 3201N, 708.7N/pnand 10.2J; all values for lifting tasks

before and after flexion occurred at the maximwmkrflexion angle. These measures were
predicted to increase following flexion exposui@s] these increases were magnified with

flexion angle and duration (Figure 4.4). Incredseal three measures were small (<2%),

however, for flexion angles less than 60% FR, eafear 16 min of load-relaxation exposure.
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Figure 4.4: Increases in peak load, peak axidhssk, and absorbed energy at L5/S1, following
trunk flexion exposures of different durations amgjles (as a % of flexion-relaxation angle =
FR).

4 .4 Discussion

Good agreement between model-based and experimestgts was evident overall, both for
viscoelastic behavior and spine load estimatioom@aring the viscoelastic behavior of the
model and experimental results demonstrated redaadacy in predicting load-relaxation at
larger flexion angles, likely resulting from thefthasic viscoelastic behavior of soft tissues
(Toosizadeh et al., 2012). Across a range of dexngles, however, total moment drops
predicted by the model were comparable with expemtal results, and suggest that spine load
estimations were not substantially affected by lbhvighasic behavior. Direct validation of
predicted time-dependent changes in spine loadsnfeesible, since the available literature for
this purpose is not sufficient; as such, only tagkh no prior flexion exposure were evaluated.
However, acceptable moment drop predictions (le@axation behavior) and spine load

estimations support the ability of the model iriraating changes in spine loads.
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Increased peak spine loads were predicted followingk flexion exposures, an effect that
increased with the flexion angle. An increaseealpspine loads is consistent with our previous
experimental results, wherein the magnitude ofJedalxation was more substantial following
exposures to larger trunk flexion angles (Toosihaeteal., 2012). Some additional
understanding of the viscoelastic behavior of d@oé# tissues can be gained by investigating
the model predictions in some additional detailo[€at.2), particularly for the most severe
flexion/lifting condition (i.e., prolonged flexioat 100% FR for 16 minutes in combination with
180N load lifting). Changes in peak muscle formti®wing flexion exposures were primarily

in the active components, with an ~11% increadetal active muscle forces across all levels of
the lumbar spine. Moreover, flexion exposure iasegl peak compression (~9.5%) and reduced
peak shear forces (~8.5%) at L5/S1 during liftiawggl these changes, especially in shear forces,

were smaller at more superior spinal levels.

A previous study (Bazrgari and Shirazi-Adl, 200rgqicted peak spine loads to increase by 11.8
and 6.8% with 40 and 20% reductions in passivdiostal stiffness of motion segments,
respectively. Here, the passive moment reductias w85%, and caused an 8.9% increase in
peak spine loads, roughly comparable with the nstedy. Approximately 0.6 Nm of the
moment drop here was caused by load-relaxatioassipe muscles, which is only ~3% of the
total moment drop. This supports a predominantrdgmrtion of spinal motion segments to
measured viscoelastic behavior, specifically irdloglaxation. Results from our previous load-
relaxation experiments (Toosizadeh et al., 201®) aupported predominant contributions of
spinal motion segments (rather than passive mestigonents), and we suggested that the

viscoelastic behavior of the whole trunk in resgottsprolonged flexion was more comparable
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Table 4.2: Predicted reactive moment changes, ladges in compression and antero-posterior
shear forces and muscle forces (passive and aegthven) performing lifting task prior to (Pre)
and immediately following (Post) a simulated flaxiexposure of 16 min at 100%FR angle.
Peak values are reported at each spinal levelifiog 180N. Muscles are listed at the level of
insertion. (See Figure 4.1 caption for a list afsties.)

Spinal Reactive Moment | Compression (N)  Shear (N) Passive Muscle (N) Actiwduscle (N)
level Reduction (Nm) Pre Post Pre Post Pre Post  Pre Post
T12/L1 1.€ 216~ 229( 64€  64¢ ICPT: 12: 12C 667 68t
LGPT: 167 162 115¢ 118¢
L1/L2 4.t 2527 274: 454  47¢ ICPL: 22 22 53 79
LGPL: 1< 14 38 57
MF: 41 39 63 94
QL: 2C 19 42 63
L2/L3 6.C 281¢ 312¢ 28¢  28¢ ICPL: 3¢ 33 42 72
LGPL: 1€ 16 24 41
MF: 3C 30 49 84
QL: 1€ 18 21 36
L3/L4 4.C 297: 3277 227 19t ICPL: 41 4C 0 0
LGPL: 1¢ 19 0 0
MF: 47 47 0 0
QL: 17 17 0 0
L4/L5 1.¢ 310t 339¢ 45z  39¢ ICPL: 4: 42 7 3
LGPL: 21 21 4 2
MF: 42 42 8 3
QL: 1€ 16 2 1
L5/S1 3.C 313¢ 343¢ 64€ 59: LGPL: 22 22 0 0
MF: 3C 30 0 0

to isolated spinal motion segments rather thanipassuscles. As such, most of the moment
drop was likely compensated by additional musctevigies, and which caused the increased

spinal loads.

Increases in peak spine loads depended on theatuddtflexion exposure. These changes were
similar for 4 and 16 minutes of exposure, howeireticating that most of the moment drop
occurred within 4 minutes. Similarly, we reportstlier that a mean (SD) duration of 5.9 (3.7)

minutes was required for a 90% drop relative toitiiteal moment (Toosizadeh et al., 2012).
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Regarding occupational safety in tasks requiriraigerged trunk flexion, the risk of LBDs may

thus be relatively independent of flexion durationexposures longer than ~4-6 minutes.

In parallel with changes in peak spine load, pea&l stiffness and absorbed energy were also
increased by ~10-12% during lifting following flexi exposure. In work by Yoganandan et al.,
(1989), spine load, axial stiffness, and absorlmeigy at the initiation of trauma were measured
to be 9kN, 2850Nmm-1, and 10.2J for normal segmeespectively. From results here, only
absorbed energy approached/exceeded the respertéren, while other aspects (i.e., spine
loads and axial stiffness) remained substantialpw. Specifically, absorbed energy was
~10.2J for lifting prior to prolonged flexion, ard 1.4J following the extreme flexion exposure,
indicating that an increased risk of spinal mosegment failure might exist when lifting
following prolonged trunk flexion at extreme anglédoreover, a common occupational limit
for spinal compression is ~3400 N (Waters et &93), and predicted peak compression force
while lifting 180N was in the safe region (3136 Njet, performing the same task following 16
minutes of trunk flexion led to a value slightlyosfe this limit (3436 N). Although available
compression limits and estimated spinal loads banevary substantially between individuals, in
the context of job design the present results sstgbat prior exposures should be considered,

especially for demanding tasks such as lifting thablve high spine loads.

There are several limits in the current modelingrapch that warrant discussion. Due to
inadequate experimental data regarding the nonlwiseoelastic behavior of passive tissues,
some assumptions were required to define matenaplepties of different muscle groups. Here,

mean load-relaxation properties were derived framan hamstring, rat tail, and tibialis anterior
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and extensor digitorum longus of rabbit muscle-tendnits (Best et al., 1994; Magnusson et al.,
2000; Sanjeevi, 1984). Although viscoelastic loaldxation behaviors of these different types
of muscles are similar, and relatively small conegaio the load-relaxation of spinal motion
segments, the assumption of identical propertiealfdrunk extensor muscles might introduce
some errors. Further, no previous experimentalystio our knowledge, has provided
viscoelastic properties of soft tissues under ciffie loading conditions (i.e., load-relaxation at
different displacements/rotations). As such, assgnaentical relationships between elastic and
viscous SNS components in different loading condgi(as in Table 4.1) can also introduce
errors in allocating load-relaxation to passive aeisomponents and spinal motion segments
during flexion exposures. Lack of experimentabdatl to the assumption of negligible shear
viscoelastic deformation of spinal motion segmewtsch can also introduce some errors.
Another limitation was related to viscoelastic miawof soft tissues, where the SNS model
with a single relaxation time constant was usedHw purpose. Previous work has identified
distinct fast and slow phases of load-relaxatioadp), with the transition occurring in roughly
the first 30-60 seconds of exposure (Burns efl8B4; Toosizadeh et al., 2012). Such dual-
phase behavior can be predicted by more complexlsaoslich as Prony Series, by adding an
additional relaxation (creep) time constant (Toadeh et al., 2012). For the current work,
however, sufficient experimental data were notlabé. While using more complex models
can improve predictions of load-relaxation, predics of moment drop are quantitatively similar

for Kelvin-solid models with differing complexity.

Here, identical kinematics were used when simulgifting tasks prior to and following flexion

exposures, though relative rotational displacemehspinal motion segments during the lifting
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task could be affected by the prolonged flexionasxpe, and might lead to inaccuracy in
estimating spine loads. Further, load distribuaomong different components of spinal motion
segments was not assessed here, and thereforatiatr of ligaments in time-dependent spine
load changes was not considered. However, preuwwestigations reported small load bearing
from ligaments during lifting tasks (Cholewicki aMtGill 1992; Potvin et al., 1991), and it can
be assumed that their time-dependent contribusiaregligible. Further, the dependency of
motion segment stiffness in sagittal rotationsl@dompression force magnitude was not
considered here. Our estimates of time-dependemtges in spine loads are not expected to be
substantially influenced by this effect, thougimcs the increase in stiffness with compression
force reaches an asymptotic level at forces >10Q8tbkes and Gardner-Morse 2003). Finally,
while alternative approaches exist to estimatemddat muscle forces, the optimization
approach used here allowed us to simulate changgsne load following viscoelastic
deformation. However, underlying mechanisms ofrteeromuscular system may be more
complex and variable within/between individualsls@ spine rotational stiffness and stability
are closely related (Bazrgari and Shirazi-Adl 20B7gham and Brown 2012), and the reduction
in passive stiffness observed here could comprotrusik stability and increase the risk of
LBDs (Hoogendoorn et al., 2000). To stabilizetriuak, an increase in paraspinal muscle
activation and co-contraction may be required tmgensate for reductions in passive stiffness
(Marras and Granata 1997; Shin et al., 2009). uk sin future studies electromyography
(EMG) of trunk muscles can alternatively be colsekcin future work and used in EMG-assisted

models to estimate spine load changes in resporfgexton exposures.
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In summary, the current work sought to help un@esihow the load distribution among passive
and active trunk components changes as a respibtifnged flexion exposures. There was a
predicted increase in the contribution of activenponents required to complete a lifting task
following load-relaxation exposures, consistentwetailable epidemiological evidence and
recommendations (McGill, 2007). Of note, thereas® physiological influences of prolonged
(or repetitive) flexion exposure, such as fatiguescle inflammation, and alterations in the
reflexive responses of trunk extensor muscles (Hesiobt et al., 2011; Rogers and Granata,
2006; Solomonow, 2011). Such influences mightiertaccentuate the risk of LBDs related to
flexion exposure, and should be investigated inritvork. Ultimately, such studies can help
determine the appropriateness of diverse flexetupes during prolonged tasks and jobs, both
from mechanical and physiological perspectiveschesults have potential future application
in evaluating diverse occupational tasks basedne&tependent lumbar mechanics and could

help control occupationally-related LBDs.
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4.5 Appendix
Mass and mass center locations for model segm€aldg 4.3) were derived from Bazrgari et

al., (2008) and de Leva et al., (1996).

Table 4.3: Mass centers (z): vertical locationsaks centers with respect to S1 in the vertical
direction, Mass centers (x): horizontal distancarfrcorresponding vertebral centers in the
antero-posterior direction, with positive indicatiposterior to S1.

. Mass center (2) Mass center (x)

Spinal level | %Body mass (%Stature) (%Stature)
Heac-neck 6.9¢ 41.8:2 -0.70
Upper arm 2x2.€ 31.31] 2.1
Forearm 2x1.€ 29.87 2.1C
Hand: 2x0.€ 28.4( 2.1C
T1 1.2¢ 32.72 -0.5¢
T2 1.3¢ 31.31] -0.8¢
T3 1.47 29.8i -1.4C
T4 1.5¢ 28.4( -1.9¢
T5 1.6¢ 26.8¢ -2.31
T6 1.7¢ 25.31 -2.7¢
T7 1.8¢ 23.6¢ -3.01
T8 1.9¢ 21.9¢ -3.1¢
T9 2.1C 20.2: -3.36
T1C 2.1¢ 18.4( -3.3¢
T11 2.3C 16.4; -3.22
T12 2.3¢ 14.31 -3.0¢
L1 2.5C 11.97 -2.5¢
L2 2.5¢ 9.4t -2.0:
L3 2.7 6.8< -1.1¢
L4 2.7¢ 412 -0.7¢
L5 2.91 1.44 -0.4z
S1 0.0C 0.0C 0.0C

Muscle moment arms and physiological cross seetieas (PCSAs; Table 4.4) were obtained

from previous work (Bogduk et al., 1992; Marraslet2001; Stokes et al., 1999).
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Table 4.4: Physiological cross section area (PC8Ag,muscle origins and insertions. “z” and
“x” values are vertical and horizontal locationgtwiespect to S1, with positive indicating
superior and posterior to S1, respectively. PC8eas from this table were multiplied by two
to account for bilateral muscle pairs.

Spinal M PCSA Insertion (% Stature) Origin (%Stature)
level uscle (%Stature?) 5 N 2 N

T12/L1 ICPT 0.000240 14.18 5.11 -0.60 2.10
LGPT 0.000435 15.84 5.16 -1.81 2.41
RA 0.000206 16.26 7.63 -4.82 -4.82
(@) 0.000569 12.05 0.78 1.20 -2.41
EO 0.000488 10.06 -4.82 2.41 -2.41
L1/L2 ICPL 0.000039 9.60 2.15 -0.42 3.80
LGPL 0.000029 9.61 2.11 -0.51 3.55
MF 0.000035 8.74 3.31 -0.45 3.25
QL 0.000032 9.60 2.10 1.93 1.57
L2/L3 ICPL 0.000056 7.64 1.79 0.72 2.95
LGPL 0.000033 7.73 1.71 0.01 3.01
MF 0.000050 6.63 2.94 -0.99 3.37
QL 0.000029 7.64 1.72 1.81 1.63
L3/L4 ICPL 0.000066 5.74 1.32 1.08 2.65
LGPL 0.000037 5.43 1.33 0.44 2.65
MF 0.000077 4.12 2.45 -1.71 3.68
QL 0.000027 5.74 1.27 1.57 1.69
L4/L5 ICPL 0.000069 3.85 1.17 1.39 2.23
LGPL 0.000040 3.53 1.16 0.80 2.35
MF 0.000067 2.61 2.45 -1.78 3.92
QL 0.000025 3.85 1.03 1.27 1.69
L5/S1 LGPL 0.000042 1.24 1.55 0.00 2.35
MF 0.000049 0.91 2.65 -1.83 4.04

Abdominal muscles RA = rectus abdominus, IO = internal oblique] &® = external oblique
Global muscles- ICPT: iliocostalis lumborum pars thoracic andR1G longissimus thoracis
pars thoracic.Local muscles- ICPL: iliocostalis lumborum pars lumborum, LGRangissimus
thoracis pars lumborum, MF: multifidus, and QL: dratus lumborum.
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Mean values for sagittal rotation and axial comgi@swere derived from Bazrgari et al.,
(2008), Guan et al., (2007) and Panjabi et al.94)9 Since the model is two-dimensional, only

axial compression and sagittal rotation valuegaesented here (Figure 4.5).

The same elastic properties (force/displacement@mdent/rotational displacement) were

entered into the model to estimate axial and ratali stiffness of spinal motion segments.

a1 (e}

" M

T 1
»

D
N

Axial Compression (kN)
N w
[0}

=
D

0 0.5 1 15 2 25 3 0 2 4 6 8 10 12
Displacement (mm) (b) Rotational Displacement (deg)

Figure 4.5Elastic properties of lumbar motion segments irafaal compression, and (b)
sagittal rotation.
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5 Trunk Tissue Creep Can Increase Spine Forces Dung a Subsequent Lifting
Task: An Investigation of the Effects of Trunk Flexion on Spine Mechanical

Behaviors Using Experimental and Viscoelastic Modelg Approaches

Nima Toosizadeh and Maury A. Nussbaum

Abstract

Prolonged trunk flexion decreases soft tissuengff§ due to viscoelastic deformations and can
also lead to altered kinematics when performingksequent lifting task. Yet, it remains to
determine if or how these changes and alteratiaghtrincrease spine forces. Here, a
previously-developed viscoelastic model was uskhgawith experimental data, to predict
changes in peak spine forces during a lifting f@sitormed following a prolonged flexion
exposure (creep). Model inputs were obtained fabnexperiment, using 10 participants, in
which lifting kinematics and muscle activity wereasured both before and after creep
exposure. Two sets of simulations were performed;in which kinematics were assumed to be
unchanged by creep exposure, and the other inairpgmeasured changes in kinematics
following exposure. Post-exposure changes imgfkiinematics involved a reduction in the
peak relative sagittal-plane flexion of superianhar motion segments and an increase in these
flexion among inferior lumbar motion segments. €rexposure caused increases in predicted
peak spine forces during lifting, at all levelstioé lumbar spine (77-241N). A portion (~25%)

of this increase was estimated to be the resuttusfcular compensations for reduced passive
tissue stiffness. The current study demonstrai@stioth changes in lifting kinematics and
viscoelastic deformations, resulting from creepasypes, can lead to increased trunk muscle

forces and spine forces during a lifting task. sTéwidence suggests a potential mechanical basis
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for previous epidemiological evidence that indisadea increased risk of low back disorders for

jobs involving both trunk flexion and lifting.
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5.1 Introduction

Several authors have found evidence that trunkdiegombined with lifting tasks have stronger
associations with low back disorder (LBD) risk cargd to other occupationally-related
physical exposures (Burdorf and Sorock 1997; Hodgem et al., 1999; Marras 2000; Nelson
and Hughes 2009). However, it is difficult to sihethe separate effects of such exposures,
since many occupational tasks involve combinatafrexposures. With respect to trunk flexion
and lifting, one author has suggested that perfograilifting task following a period of trunk
flexion can expose the trunk to a substantiallyhbrgisk of a LBD (McGill 2007). This
suggestion was based on the reported viscoelasti@vor of trunk soft tissues and muscle
spasms following prolonged trunk flexion. To impecour understanding of LBD risk, it is
important to investigate the potential interactibesween risk factors. Of specific interest here
is the effect of creep exposure on trunk muscleviggand trunk mechanical behaviors when

performing a subsequent lifting task.

Previous work has indicated that alterations irhlvoeéchanical and neuromuscular behaviors of
trunk tissues occur following creep exposures. s€haterations include a reduction in passive
stiffness of the trunk (Bazrgari et al., 2011; Mt@nd Brown 1992; Shin and Mirka 2007,
Chapter3), changes in trunk kinematics, specifydlé relative sagittal flexion of the lumbar
spine and hip (Marras and Granata 1997), and aeadse in trunk muscle activity (Bazrgari et
al., 2011; Shin and Mirka 2007; Shin et al., 200Bhese changes may, in turn, result in
additional loads on spinal motions segments anerabft tissues, and a consequent increase in

the risk of LBDs. Yet, assessing spine forcehalenging, especially using direct methods,
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and computational biomechanical modeling is useal @ammon alternative (Arjmand and

Shirazi-Adl 2006; Stokes and Gardner-Morse 1995).

Use of biomechanical models becomes challengingetier, when predicting time-dependent
changes in spine forces, since such predictionsnethat the viscoelastic properties of soft
tissues be accurately characterized. Severalestidive modeled soft tissues viscoelastic
behavior to explore time-dependent kinematics/kisespecifically for spinal motion segments
(Holmes and Hukins 1996; Groth and Granata 2008t ki., 1995; Silva et al., 2005; Schmidt et
al., 2010; Wang et al., 2005) and passive muscaigonents (Abbott and Lowy 1957,
Hedenstierna et al., 2008; Glantz 1974; GrevenHuotwbrst 1975; Sanjeevi 1982; Taylor et al.,
1990). Among these, Kelvin-solid models are per for predicting viscoelastic behaviors of
trunk soft tissues and time-dependent changesme $prces, due to the convenient definition of
material properties for these models and theitixaly lower computational costs (compared to
more complex models such as poroelastic ones), itfemains to incorporate these approaches
into a biomechanical model of the trunk to allow &m assessment of time-dependent changes in

spine forces (e.g., during lifting, as of intereste).

To explore time-dependent changes in spine fowesleveloped and evaluated a viscoelastic
model of the upper body in a previous study (Chaptewith the goal of investigating the effect
of angle and duration of prolonged trunk flexiorcahstant flexion angle (load-relaxation) on
spine forces during a subsequent lifting task. uRe$rom the noted study indicated an increase
in peak spine forces during lifting following trufliexion inducing load relaxation, and these

changes were magnified with flexion duration anglen The current study aimed to investigate
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the effect of prolonged flexion at constant extemament (creep) on spine forces. To achieve
this, the previously developed viscoelastic, msdggment model of the upper body was used to
simulate lifting tasks before and after prolongeohk flexion, and changes in spine forces and
trunk muscle forces were estimated. One limitatibaur previous approach (Chapter 4) was
using identical kinematics for lifting tasks bef@ned after creep exposures. Here, data were
obtained from participants during actual lifting,assess any alterations in the kinematics of
lifting and trunk muscle activity before vs. affgolonged trunk flexion; these kinematics data
were also used for model-based simulations. Wethgsized an increase in spine forces and
trunk muscle activity (from both the model simubais and experiments) during a lifting task
due to creep exposures. We also explored wheltagrges in lifting kinematics occur after
trunk creep exposure, in terms of the peak reldteseon of the lumbar spine and hip, and/or the
peak relative flexion of lumbar motion segmentszefall, the current study aimed to provide
evidence for a potential low back injury mechanismolved during occupational tasks that

require both trunk flexion and lifting.

5.2 Methods

The scalable, multi-segment model of the upper l{ddyeloped previously) was modified to
account for creep responses, and was then usatirttate muscle forces and spine forces during
simulated lifting tasks before and after prolongrehk flexion. A kinematics-driven approach
was again used to estimate muscle and spine fdroeyy the simulated lifting tasks. For this,
kinematics were obtained experimentally and usedadel input. Below, the model
development and evaluation procedure is explaimedlyy for more details, readers are referred

to Chapter 4.

97



5.2.1 Modeling approach

A sagittally-symmetric scalable model was used (#ra4), containing six sagittally-
deformable lumbar motion segments (T12-L1 throufFSll) and passive muscle components
(18 “local” and two “global” muscles). Axial andtational stiffness of each lumbar motion
segment, and muscle stiffness along the line abacivere modeled using SNS components
(Figure 5.1). Elastic propertieK4 as in Figure 5.1) were defined using existing {B&zrgari

et al., 2008; Guan et al., 2007; McCully and Faatki983; Panjabi et al., 1994) for each SNS
component. Viscous properties were defined usiegipus experimental results for lumbar
motion segments (Little and Khalsa 2005; Oliver @amcbmey 1995; Twomey and Taylor 1982)
and trunk muscles (Glantz 1974; Ryan et al., 2&R)&n et al., 2011; Sanjeevi 1982). These
data were subsequently used to relate viscous p#eesrk; andC) of each SLS component

with elastic parameter&{) within the current model (Table 5.1). Of nota@stapproach was
used to approximate the viscoelastic properti€SL& components, since available data were not
sufficient to define creep behaviors of all spimadtion segments and muscle groups at different
loading magnitudes. The developed viscoelasticaiwvds then used in combination with a
kinematics-driven approach and an optimization rélgm to estimate muscle and spine forces.

C

Kz

Ky
Figure 5.1: SNS model representation of intervesdietiiscs and passive muscles. Hékeand
C are the respective stiffness and damping of acma$linear spring and damper components in
parallel (Kelvin component), arki, is the stiffness of a parallel torsional/linearisg
(Roylance, 2001)K; andC represent viscous responses to deformakon; K, is the steady-
state stiffness once the material is totally retbvendK, is the instantaneous stiffness. The
creep angle-time equation for the SNS model atnatemt external moment of; is:

o) = Mo (19t 7).
K1 K>
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Table 5.1: Estimated relationships between vis¢gusndC) and elasticK,) components of
spinal motion segments and muscles used in thedmlbamnical model.

Spinal Sagittal flexion Sagittal flexion Axial Deformation  Axial Deformation
Level (K/K)) (C/IK») (K4/Ky) (C/IK>)
T12-L1 2.€ 303.( 4.¢ 3703."
L1-L2 2.8 370.< 4.1 6250.(
L2-L3 2.C 434.¢ 4. 5882.
L3-L4 1.6 454.¢ 3.2 1960.¢
L4-L5 1.7 454.¢ 6.C 3846.:
L5-S1 1.€ 476.2 6.C 3846.:
Muscles - - 3.8 31.t

5.2.2 Model calibration and evaluation

Experimental creep results (Chapter 3) were usedltbrate/evaluate model-predicted
viscoelastic behaviors. Briefly, a 6-minute peraigrolonged trunk flexion with extra loads in
the hand (overall weight of 84 N for males, and\bfbr females) was simulated in the model.
Creep angle-time curves of the trunk from the maahel the experiment were compared, using
fitted SNS models and material properties of spnafion segments in sagittal flexion, and
passive muscle components were modified withintenative procedure. Coefficients of
determination %) and root-mean-square errors (RMSE) were obtdinethe 6-minute

prolonged trunk flexion, from linear regressiorcogéep angle-time curves from the model vs. the
experiment. In addition, estimated spine forcesaveempared to reported vivo values for

several sagittally-symmetric, quasi-static task® (Shapter 4 for details).

5.2.3 Flexion/lifting kinematics

Kinematics and external kinetics of the pelvispigulumbar motion segments, and upper
extremities were obtained from participants wherigeeing dynamic, stoop lifting tasks, both
before and after controlled creep exposures. Eaiftty young adults, with no self-reported
history of low-back pain or any current medical dibions, completed the study after providing
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informed consent. All experimental procedures vegreroved by the Virginia Tech Institutional
Review Board. Participants included six maleshwéspective mean (SD) age, stature, and
body mass of 24 (3) yr, 183.7 (6.1) cm, and 81.2)(Kg; corresponding values for the four
females were 25 (3) yr, 166.9 (5.6) cm, and 66.4)(kg. A relatively young group of
participants (from 18-30 yr) was included to avpatential influences related to advanced age.
Prolonged full flexion (i.e., creep exposure) waduced by participant’s flexing their trunk
slowly to full passive trunk flexion, remaining tinis flexed posture for six minutes, and then
slowly returning to the upright standing postuBguring this, two additional loads (total weight
of 84 N for males, and 54 N for females) were &alcto their wrists. Flexion tasks were
performed while participants stood in a rigid métame, and straps were used to restrain the

pelvis.

During the lifting tasks, participants were askedift a box, with weight set to 25% of

individual body mass, from an adjustable platfotrtha knee height. Five lifts were done
before the creep exposure, with 2 minutes restdmtvifts, and one immediately after the creep
exposure. The first four pre-exposure lifts wesedito provide warm up and familiarization to
the task; only the final (fifth) pre-exposure liftere used as described below. During the lifting
tasks, kinematics were tracked via reflective megkat 120 Hz, using a 7-camera motion
capture system (Vicon MX, Vicon Motion Systems Jrigenver, CO, US). Markers were placed
in the mid-sagittal plane over the T12, L1, L2, L3, L5, and S1 vertebrae processes, and
bilaterally over ASIS, the acromial processes ridteumeral epicondyles, radialis, styloid
processes, and second metacarpal heads. Markeyslse placed on the box to track the mass

center. An existing transformation model was thsed to estimate lumbar curvature using skin
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markers (Lee et al., 1995). By connecting the@msmf adjacent motions segments, an initial

angle for adjacent vertebrae were estimated; clsaingbese angles were determined over time.

Electromyography (EMG) of the paraspinal musclasmit extensors) and trunk flexors on the
right side were measured, using bipolar Ag/AgCfaue electrodes, to explore the force
distribution among superficial trunk muscles. Eede placements followed earlier protocols
(El-Rich et al., 2004, McGill 2005), targeting tiiecostalis lumborum pars thoracic,
longissimus thoracis pars thoracic, iliocostalimlbwrum pars lumborum, longissimus thoracis
pars lumborum, multifidus, rectus abdominus, irdéoblique, and external oblique. Prior to
applying electrodes, the skin was prepared usingsain and cleaned with alcohol; raw EMG
signals were pre-amplified (x100) near the coltatsite, then bandpass filtered (10-500 Hz),
amplified, and converted to root-mean-square (RM®gardware (Measurement Systems Inc.,
Ann Arbor, MI, USA). Values were then normalizedEMG) to peak EMG obtained from
maximum voluntary contractions (MVC) performed lack participant. Six trials of MVC

(three trials each in extension and flexion) wesdgrmed in standing posture. During MVCs, a
rigid frame was used to constrain the lower lingedyis, and trunk. Participants pulled
back/pushed forward maximally for 5 seconds. [ditests were used to assess changes, before
vs. after creep exposure, in peak values relatingbr motion segment flexion (sagittal plane,
as % of total lumbar flexion), total lumbar flexidmp flexion and trunk muscle nEMG.
Statistical analyses were done using J¥ifVersion 8, SAS Institute Inc., Cary, NC), and

significance was concluded whpr< 0.05.
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5.2.4 Flexion/lifting simulations

Both the prolonged trunk creep exposure and thiaditasks were simulated in the model. Two
sets of lifting simulations were performed. Thatfiassumed similar kinematics for the lifting
tasks done prior to and after creep exposure (clrkinematics), by using the pre-exposure
kinematics as input. Specifically, mean liftingpgmatics, across participants, from the final pre-
exposure lifting tasks were used as input to thdehoThe second considered (accounted for)
changes in kinematics due to the creep exposurdified kinematics). In this, kinematics from
the final pre-exposure lifting task were used, glaith kinematics from the one post-exposure
lift. These two sets of simulations, using the thata sets, were performed to explore the
separate effects of creep deformation and altereziiatics on any changes in spine forces
following creep exposure. An additional set of giations was done, using the modified
kinematics and with only elastic (rather than vedestic) properties incorporated in the model.
These latter simulations were used to isolate fleets of creep deformation on spine forces.
From these three sets of simulations, the sepeoateibutions of kinematic changes and creep
deformation, and the joint contribution of bothtfars, were identified. Outcome measures
obtained from the model, for a given lifting taslere peak spine forces at each level of the

lumbar spine (T12-L1 through L5-S1) and peak mukmiees.

5.3 Results

5.3.1 Experiment results: kinematics and nEMG

Peak relative flexion of the lumbar motion segmehiznged between lifting tasks performed
before versus after creep exposure. Post-expatréexion of superior (i.e., T12-L1 and L1-

L2) and inferior motion segments (i.e., L4-L5 arit&1) of the lumber spine significantly
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Figure 5.2: Changes in peak relative flexion of hi@mmotion segments during lifting tasks

performed before and after creep exposure. Thd&slinndicates a significant post-exposure
change.
decreasedp(< 0.025) and increased € 0.027), respectively (Figure 5.2). No significant
changes, however, were observed for the L2-L3 &3l4 motion segmentpE 0.54). Overall
lumbar flexion (T12-S1) decreased post-exposuwer(f4.1 to 61.1 deg = 0.029), whereas
hip flexion increased (from 37.4 to 39.8 dpg; 0.0031). Peak nEMG increased in all muscle

groups following creep exposures (Figure 5.3), gioonly some of these changes were

statistically significant.
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Figure 5.3: Increase in muscle activity (hnEMG) dgrlifting tasks performed before and after
creep exposure. The symbol * indicates a sigmfigast-exposure change.
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Table 5.2: Predicted changes in peak passive de awouscle forces (all values in Newton)
during lifting tasks performed prior to (Pre) anthiediately following (Post) a simulated 6-
minute creep exposure. Muscles are listed atethe bf origin.

i Before Cree After Creep After Creep
Splnall Iguscle P (Identical Kinematics) (Modified Kinematics)
Leve foup Active Passive Total | Active Passive Total [ Active Passive Total
T12-L1 | ICPT 66¢€ 70 66¢ 69€ 7C 70C 764 68 767

LGPT 115¢€ 60 115¢ 120¢ 6C 1211 132¢ 59 1331
L1-L2 | ICPL 53 20 57 57 2C 60 42 20 46
LGPL 38 12 4C 41 12 43 3C 12 32
MF 63 30 7C 67 35 76 5C 37 62
QL 42 17 45 45 17 48 33 17 38
L2-L3 | ICPL 42 20 47 42 3C 52 9 31 32
LGPL 24 12 27 24 14 28 5 15 16
MF 49 28 56 49 27 57 10 29 3C
QL 21 17 27 21 16 26 4 16 17
L3-L4 | ICPL 0 37 37 0 36 36 34 38 51
LGPL 0 17 17 0 17 17 19 18 26
MF 0 44 44 0 44 44 52 45 6¢
QL 0 15 15 0 15 15 14 15 21
L4-L5 | ICPL 7 39 4C 0 39 39 0 42 42
LGPL 4 19 2C 0 19 19 0 21 21
MF 8 39 40 1 39 39 0 43 43
QL 2 14 14 0 14 14 0 15 15
L5-S1 | LGPL 0 20 2C 0 2C 20 0 22 22
MF 0 29 29 0 29 29 0 31 31

Global muscles- ICPT: iliocostalis lumborum pars thoracic, LGAdngissimus thoracis pars
thoracic. Local muscles- ICPL: iliocostalis lumborum pars lumborum, LGRangissimus
thoracis pars lumborum, MF: multifidus, and QL: dtetus lumborum.

5.3.2 Model-based results: creep, spine forces,randcle forces
Comparison between the creep angle-time curves thhermodel and experimental results
during creep exposure yielded respecieand RMSE values of 0.99 and 0.35 deg. Peak spine
forces, specifically compression and antero-pastestiear forces, were predicted to increase
following creep exposure; such increases were fasng both “identical” and “modified”
lifting kinematics (Figure 5.4). Across all lumHdavels, respective increases in peak spine
forces were 3.4 and 24.2% larger in compressionsaedr, when using the modified vs.

identical kinematics. The largest increase in casgion force occurred at the L5-S1 motion
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segment, which increased by 233N following cregposxre; antero-posterior shear force had
the largest increase (177 N) at the L1-L2 motiggnsent. Peak muscle forces (i.e., summation
of passive and active forces) increased when paifgr the lifting task following creep
exposures (Table 5.2). Post-exposure increagesaik muscles forces were larger when the
modified (9.7%) vs. identical (4.1%) kinematics weised, and this increase mainly resulted
from additional activity predicted in the global sules. When using the model with elastic
properties and modified kinematics, a 4% (133Njease in compression and 7% (~49N)

increase in antero-posterior shear forces werdgqieetat L5/S1 following creep exposure.

4000 ~+ (a) m Before Creep
After Creep (Identical Kinematics)

3500 + O After Creep (Modified Kinematics)
3000 +

2500 T+
2000 +
1500 +
1000 +
500 T+

O' T T T
L5-S1 L4-L5 L3-L4 L2-L3 Li1-L2 LO-L1

(b)

800 + ]

Force (N)

1000 T

600 +

400 +
200 +
N1 INTIN i

L5-S1 L4-L5 L3-L4 L2-L3 L1-L2 LO-L1
Motion Segment
Figure 5.4: Increases in predicted peak compregsroe (a) and antero-posterior shear force (b)

during lifting tasks performed before and afteregrexposures; the latter predictions were done
using identical and modified kinematics.

Force (N)
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5.4. Discussion

Viscoelastic deformation predicted by the model &duigh level of correspondence with
experimental results. For example, the differdmeteveen model predicted and experimental
values of total creep angle during 6 minutes ofifle was ~0.5 deg, which was only 8% of the
total creep angle. As such, it is expected th@hased decreases in stiffness within trunk
passive components was reasonably well predictied tise model. Direct evaluation of time-
dependent changes in spine forces was infeasilelécdihne lack of available literature, and for
this reason the model was only evaluated for sjpaeifks without prior creep exposure.
However, earlier comparisons of spine forces (Gérag) and viscoelastic behaviors between
experimental studies and model predictions sugperability of the model to estimate time-

dependent changes in spine forces.

In support of the study hypotheses, alteratiorisnematics and spine forces during lifting were
observed as a result of prolonged trunk flexionosxpe. After such exposures, the contribution
of hip flexion total trunk flexion during liftingncreased, while the total lumbar flexion
decreased. This effect of flexion exposure is stest with previous work that reported
gualitatively similar changes in hip and lumbaxita when performing a lifting task following
repetitive lifting (Marras and Granata 1997). Aggested by these authors, this trade-off
between hip and lumbar flexion may be used to tetpease trunk external moments via
reducing the moment arm between L5-S1 and thedodébr trunk masses. However, as was
apparent here from the model results, these kineraanges did not fully compensate for other
mechanical alterations induced by flexion exposang, predicted spine forces were larger

following these exposures. Also, within the lumbpine there was a post-exposure reduction in
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the peak relative flexion of superior lumbar motsggments and an opposite increase in flexion
of inferior lumbar motion segments. Although betwesubject variability of the magnitude of
these kinematic changes was substantial, a siquialitative pattern of kinematics changes was
observed among almost all participants. Whilermngase in peak spine forces was found as a
result of changes in the peak relative flexionumhbar motion segments, the underlying
mechanisms responsible for these changes, and/qtgsiological benefits (or disadvantages),

are not obvious.

For compression forces, predicted increases in palales were 2.5% (81N) for identical
kinematics and 7.3% (233N) for modified kinemati€3f note, accounting for changes in lifting
kinematics increased the levels of predicted anpesierior shear force in superior levels of
lumbar spine up to ~16% (117N). Overall, thesenglea following flexion exposure emphasize
the importance of considering both viscoelastiodeations and kinematics alterations for task
assessment. Accordingly, to explore the effestigfoelasticity on model estimates of spine
forces, the simulation was performed with only etasaterial properties. Without
viscoelasticity, model outputs indicated a 4.3%#@ase in total spine forces (i.e., summation of
compression and antero-posterior forces) onlyrasat of changes in lifting kinematics. As
such, using elastic biomechanical models may leashtlerestimation of changes in spine forces
following flexion exposures. Such errors woulddbgarticular importance when assessing

tasks involving prolonged (or repetitive) loading.

An increase in peak predicted muscle forces wadeatiduring lifting tasks following the

flexion exposure; such increases were found fomalflel simulations. Passive muscle forces
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during lifting tasks were predicted to decreas®bly 0.7% (~4N) when using identical
kinematics. These observations suggest a predotrinatribution of spinal motion segments in
providing viscoelastic deformation, rather thangdas muscle components. A similar
conclusion regarding the relative contribution aftion segments and muscles was drawn in our
previous investigation of responses to load-relaragxposures (Toosizadeh et al., 2012;
Chapter 4). Additional trunk muscle activity wasaadirectly observed here, during lifting tasks
performed before and after a flexion exposure.iv&atnuscle forces from the model and
experimental results (nEMG) indicated comparablelkeof increased activity in global muscles
post-exposure (overall respective increases of 44d812.3%). However, model predictions of
local muscle activity were inconsistent with theMite measured. Specifically, model
predictions indicated a 9% decrease in active neusctes post-exposure, while NEMG
increased by a mean of 21% across participantssuéls, the model-based predictions of spine
forces are likely underestimates of actual valudswever, since the maximum force capacity of
local muscles is relatively small (Marras et ab0Q2), the magnitude of this underestimation is

likely modest.

An increased level of co-activity was observed wharticipants performed the lifting task
following flexion exposure, with mean 22% increa$@EMG across all abdominal muscle
groups. This increase, though, was statisticaigiBcant only for external oblique, perhaps due
to the large variability in observed muscle acyiv@vels. Additional co-activity can impose
additional forces on lumbar motion segments, ang timerefore be an additional mechanism
whereby flexion exposure increases the risk of ®ldBiring a subsequent lifting task. This

increase in co-activity post-exposure, however, m@predicted by the model, and likely is a

108



second contribution to underestimates of actualesforces. In future studies, alternative
approaches, such as EMG-assisted and optimizagimidrmodels or coupled objective
approaches (using stability criterion), could b@lemented to provide better predictions of

changes in muscle activity.

As noted, there was substantial between-subjechility in observed changes of muscle
activity (hEMG) when performing a lifting task folving flexion exposure. At the extremes,
one participant had slightly reduced muscle agti{#4%) following creep exposure, while for
another muscle activity increased more substaytfal0%). Notable differences in kinematics
changes were evident when comparing the liftingkiatics for these particular individuals.
The former had more substantial changes in lumlzdiom segment flexion compared to other
participants, specifically the highest post-expes@duction in peak relative flexion in superior
levels and the largest increase in peak relataxddh of inferior levels. For the latter participa
(with a 40% increase in muscle activity), an inseea peak relative flexion in superior levels
and a reduction in inferior levels was observed wes in contrast to other participants. In terms
of LBD pathology, both types of flexion-inducedeattions (i.e., increase in muscle activity and
changes in lumbar motion segment flexion) may doute to soft tissues injury (McGill 2007).
Thus, the risk of LBD development may involve diéiet mechanisms that result from

individual differences in mechanical and neuromiectesponses to prolonged flexion.

There are several limitations in the current wdwt tmerit discussion. First, assumptions were
made to define viscoelastic material propertiepssive muscles, due to the lack of sufficient

experimental results. Viscoelastic material prapsrin response to prolonged loading were
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derived here from human hamstring, rat tail, angilfzay muscles (Glantz 1974, Sanjeevi 1982,
Ryan et al., 2010, Ryan et al., 2011). The assiompf identical viscoelastic properties for all
trunk extensor muscle groups likely introduced semers. Further, viscoelastic responses of
soft tissue under prolonged loading have not beparted for different loading magnitudes, and
assumptions made here that identical relationshis between elastic and viscous SNS
components in different loading magnitudes (asahl& 5.1) contributed to inaccuracy in
predicting trunk viscoelastic behaviors. Theseprbes were, however, evaluated and
calibrated based on empirical measures (respoaseedp exposures), and are considered to
provide the best predictions of viscoelastic betwa/given available evidence. Second, use of
an SNS model with a single retardation time corislars not capture the dual-phase creep
responses of spinal motion segments (Chapter His limitation could be addressed using more
complex models, such as Generalized-Kelvin Solidele(Chapter 3), though relevant
experimental data are not available for definingenal properties in such models. Third,
predictions of the load distribution among diffearenomponents of spinal motion segments were
not evaluated here, and would be quite difficulatbieve in a non-invasive manner. Among
these components, the contributions of ligamenthémges in spine forces were not considered.
However, previous investigations have reportedikedly small magnitudes of load bearing from
ligaments during lifting tasks (Cholewicki and MdiGi992; Potvin et al., 1991), and time-

dependent changes in such load bearing are likelly smaller.

In summary, the current study, consistent withieareports, provides evidence that exposure to
trunk flexion changes kinematics and mechanicail@aduring a subsequent lifting task. An

adjustment between the load sharing between aatiggassive tissues was apparent, and was
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likely an adaptation to viscoelastic deformatidrhis adjustment led to increased contributions
from active muscle force, and consequently additidorces on spinal motion segments. As
such, the current study provides evidence congisiiin previous epidemiological studies that a
combination of risk factors (here, prolonged trdileion and lifting) may contribute to the risk
of LBD development. Models accounting for time-elegent effects of task demands, and

associate tissue responses, may thus be of futmefibfor job evaluation and design.
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6 Conclusions

6.1 Effects of Task Conditions on Trunk Viscoelasti Behaviors

Results fromin vivo flexion exposures of the human trunk showed ingraréffects of flexion
angle on viscoelastic behaviors, which were inéiddty the magnitude of moment drop during
the load-relaxation period and also changes irvddrviscoelastic material properties. Smaller
viscoelastic stiffness was evident with exposurkatger angles of trunk flexion, where there
was an exponential increase in moment drop withidleangle (Chapter 2). Similarly,
viscoelastic stiffness decreased with external nmirtechieved by additional extra loads
attached to wrists) during prolonged trunk flexioln exponential relationship was again
evident, specifically for the increase in creeplangth external moment (Chapter 3).
Regarding recovery behaviors from viscoelastic deétion, a slower rate of recovery from
creep was observed compared to creep deformatren;arest period twice as long as the
exposure period (to trunk flexion) was not suffitiéo provide full recovery. Similar to creep
development, recovery from viscoelastic deformatepended on external moment. This
resulted in comparable levels of residual cregpeatnd of the recovery period when the trunk
was exposed to flexion exposures involving diffexternal moments. Cumulative creep
resulting from repetitive flexion was influenced é&xternal moment and flexion rate, though the
latter effect was more pronounced. All of theseastbations support the existence of nonlinear
viscoelastic behaviors of the intact trunk acrogsosure to different flexion conditions.
Accordingly, nonlinear viscoelastic models (suchihesSNS model), instead of linear models
(such as SLS model), are recommended for predithi@mgngle- or moment-dependency of

trunk viscoelastic behaviors.
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6.2 Characterizing Trunk Viscoelastic Behaviors Usig Kelvin-solid Models

For both load-relaxation and creep deformatioryja-phase behavior was observed, with more
rapid changes in moment drop or creep angle dahi@dirst minute of exposure. Accordingly,
more complex Kelvin-solid models, with2 relaxation or retardation time constants, pitedic

this dual-phase behavior more effectively. As noemdd above, nonlinear material properties
were required for these models to estimate visstielaehaviors in response to different trunk
flexion angles and external moments. Overall, go@dlictions of both viscoelastic behaviors in
response to prolonged trunk flexion exposures andvery behaviors were achieved using the
Kelvin-solid models. However, some limitations wepparent when fitted models were used to
predict trunk viscoelastic behaviors in responsepetitive flexion. As such, material

properties obtained using static conditions mayleoappropriate for describing quasi-static or

dynamic flexion exposures.

6.3 Changes in Spine Loads due to Prolonged Trunkéxion

Peak spine loads when performing a lifting taskeased following prolonged trunk flexion, and
these increases were magnified by increasing aagi@siurations of flexion. Only relatively
minor effects of external moment on spine loadsevestident, however, though only a limited
range of extra loads were investigated. Changg#ing kinematics due to trunk flexion
exposures were also evident (Chapter 5), and wddased additional changes in spine loads in a
lifting task. In model-based simulations, viscaéiladeformations occurred in both spinal

motion segments and passive muscle componentghgetpinal motion segments were

predicted to provide the predominant contributioverall viscoelastic behaviors.

Consequently, changes in spinal motion segmeiiasi$ led to additional muscle activities.
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These effects of flexion exposure can be consid@redntribute to an increased risk of LBDs,
which is consistent with epidemiological and expemtal studies. Overall the present work and
results can help, such as in future task evalustiomprove predictions of force distributions
among active and passive components of the trurikalso among different passive component

(i.e., passive muscle components and spinal msggments).

6.4 Limitations and Future Direction

In vivo measurement of viscoelastic properties duringopigéd trunk flexion is challenging
because of uncontrolled body movement. Althoughestevel of control and assessment of
such movements were done in the current work, ssmees were unavoidable. These
movements likely contributed to the rather largeakility in measured viscoelastic properties
within each exposure condition. Furthermore, nmialt@roperties from the current experiments
were used only to calibrate viscoelastic behawbtsie model; initial estimations of passive
viscoelastic properties were derived from previougtro data. These latter data were not
sufficient for developing material properties oEea@omponent in each of the different loading
conditions. Therefore, some assumptions were naadkwhich likely contributed to errors in
defining viscoelastic properties of trunk softtiss. To avoid this in future work, additional
experimental data are required to provide bettediptions of load allocation among different
passive components. Using such evidence, moreleampodels (e.g., with exact geometry)
can be developed to explore stresses in intervaitdlscs, ligaments, and facet joints, thereby
more completely describing/characterizing spinatiamosegments. Neuromuscular alterations

such as changes in reflexive responses and mugctataon patterns, due to trunk flexion
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exposures and stretches in ligaments, can alsddeddo the model to improve spine load

estimations.

6.5 Summary

The main goal of the current research was to egglog potential increased risk of LBD

resulting from performing tasks that require prged or repetitive trunk flexion. In support of
previous epidemiological studies, evidence was ddon increased spine loads when performing
a lifting task following flexion exposure. Thissearch is considered an initial step towards
providing more accurate guidelines by incorporatinge-dependent spine loading, and with the
ultimate goal of reducing occupational LBD riskdowever, more investigations are required in
this area to provide more basic data, especiafjgniing the recovery of viscoelastic

deformations and the effects of repetitive trurkibn exposures.
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Appendix A: Informed Consent Form

VIRGINIA POLYTECHNIC INSTITUTE AND STATE UNIVERSITY
Informed Consent for Participants
In Research Projects Involving Human Subjects

Title of Project: Musculoskeletal Biomechanics of Movement andt@dn

Investigator(s): Babak Bazrgari, Brad Hendershot, Michael Madigamikul Muslim,
Maury Nussbaum, Nima Toosizadeh

Purpose of this Research

To understand musculoskeletal injury and improu@adl diagnoses of injury, it is necessary to
understand how muscles control force and movenenmé purpose of this study is to measure
the relationship between human movement, forcergéna, and muscle activity. We are also
interested in observing how gender, posture and-+ask factors influence this relationship.
More than 128 healthy individuals will participateoughout the course of this project, ranging
in age from 18-49 years.

Procedures
We will tape adhesive markers and sensors on yoarasound your abdomen and back. These
sensors are EMG electrodes that measure the gaifwbour muscles and position sensors to
measure how you move. After some preliminary wamstretches, we may ask you to push
and/or pull as hard as you can against a resistaeemay also ask you to hold or lift a weight
or weighted-box and to bend forward and back. Ny be requested to return for repeated
testing. We may also apply quick but small peratidns to record reflexes. You may be
requested to return for repeated testing. Betwestrsessions you may be asked to participate in
specified physical conditioning as per the AmeriCatlege of Sports Medicine recommended
guidelines.

Risks

The risks of this study are minor. However, thesglude a potential skin irritation to the
adhesives used in the tape and electrode mark@ens.may also feel some temporary muscle
soreness such as might occur after exercisingje8islparticipating in physical conditioning
may experience muscle soreness and/or musculoskielelry associated with inherent risks of
cardiovascular, strength training and therapext@se. To minimize these risks you will be
asked to warm-up before the tasks and tell usufay@ aware of any history of skin-reaction to
tape, history of musculoskeletal injury, cardiovdac limitations. During prolonged testing,
you may feel dizzy or light-headed, and theressall risk that you could faint. To minimize
these risks, you will be asked several times if goaiexperiencing such symptoms; if so, you
will be asked to walk around or sit down as appaipr In addition, hunger may exacerbate
such risks, so you will be asked to not come teeerpental sessions hungry, and small snacks
will be made available should you become hungry.
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Benefits

By participating in this study, you will help todrease our understanding of time-course
mechanics of the spine and musculoskeletal injugghanisms of the lower back. We hope to
make this research experience interesting and abjeyor you where you may learn
experimental procedures in biomechanical scienéés.do not guarantee or promise that you
will receive any of these benefits, and no pronoiskenefits has been made to encourage your
participation.

Anonymity and Confidentiality

Experimental data collected from your participatwaiii be coded and matched to this consent
form so only members of the research team canrdeteryour identity. Your identity will not
be divulged to unauthorized people or agencieglit@ivideo recorded during the experimental
trials will be used to track the movement of seasiyr means of computer analyses and is
sufficient video quality to observe individual panpant characteristics. Secondary VHS-style
video may be recorded to validate the digital motlata. The camera angle is placed to avoid
facial or other identifying characteristics. Somess it is necessary for an investigator to break
confidentiality if a significant health or safetgrcern is perceived or the participant is believed
to be a threat to himself/herself or others.

Compensation

Participants required to return for multiple testsions or participate in physical conditioning
for this protocol will receive payment per the nieambf test sessions completed. Subjects
participating in experiments as part of courseabolatory procedures will receive appropriate
credit for analysis of specified data as describdtie course syllabus but not for personal
performance during the experimental session.

Freedom to Withdraw

You are free to withdraw from a study at any timéhaut penalty. If you choose to withdraw,
you will be compensated for the portion of the tiofethe study (if financial compensation is
involved). You are free not to answer any questionsespond to experimental situations that
they choose without penalty.

There may be circumstances under which the inwvastignay determine that you should not
continue as a subject. You will be compensatedhemportion of the project completed.

Approval of Research

This research project has been approved, as regbiyehe Institutional Review Board for
Research Involving Human Subjects at Virginia Reginic Institute and State University, by
the Department of Engineering science and Mechanics

Subject's Responsibilities
| voluntarily agree to participate in this studydve the following responsibilities:
- Inform the investigators of all medical conditicdhgt may influence performance or risk
- Comply to the best of my ability with the experintedrand safety instructions
- Inform the investigator of any physical and mextiatomfort resulting from the
experimental protocol
- Inform the investigator of any feelings of dizziegkght-headedness, or fainting
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Subject's Permission
I have read and understand the Informed Consent@mditions of this project. | have had all
my questions answered. | hereby acknowledge theeabnd give my voluntary consent:

Subject Name (Print):

Subject signature: Date
Date

Witness (Optional except for certain classes ofeuib)

Should | have any pertinent questions about tlssarch or its conduct, and research subjects'
rights, and whom to contact in the event of a neteeelated injury to the subject, | may contact:

Faculty Advisor:___Maury A. Nussbaum E-mail: ssbaum@vt.edu Phone 231-6053
Ishwar Puri 231-3243
Departmental Reviewer/Department Head Telephone/e-mail

David M. Moore

Chair, IRB

Office of Research Compliance
Research, Graduate Studies
540-231-4991 / moored@vt.edu

This Informed Consent is valid from January 21,261 January 20, 2012.
Subjects must be given a complete copy (or dugioaginal) of the signed Informed Consent

120



PARTICIPANT INFORMATION AND SCREENING FORM

Participant #: (filled out by the experimenter) Date:
Part |
Name: (Last), (First)
Phone: Email:
Address:
Birth date (mm/dd/yyyy): Age:
Gender (please circle): Male - Female
Race:
Caucasian
African American
Asian
American Indian/Alaska Native
Native Hawaiian/Pacific Islander
Other:
Occupation: (Current) (Previous)
Length of time at present occupation: years
Part Il
Frequency of physical exercise of 15 min or more: days/week

Please describe types of exercise:
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Please list any current medical conditions andger af medications:

Part Il
Have you had any history of the following (Pleasele Y’ or ‘N’)?

1.

2.

8.

9.

Y-N:
Y-N:
.Y —-N:
.Y —-N:
.Y —-N:
.Y —-N:
.Y —-N:
Y-N:
Y-N

Shoulder and upper extremity problemsmduthe past year
Upper/lower back problems during thetpasar

Falls in the past three years

Lower extremity injuries in the pastebryears

Joint replacement or joint fusion.

Being treated with corticosteroids foryacondition

Problems caused by arthritis, muscléfams, or broken bones, etc. that limit
your ability to walk or bend your joints

Ear infection or drainage from the eathe past 6 months

: Severe head injury, concussion, or Bkeocked out’.

10. Y — N : Problems with coordination, dizzinesisloss of balance (in the past 12 months)

that seemed to occur frequently or lasted for dareled period of time.

11. Y — N : Neuromuscular/neuromotor problems

12. Y — N : Any other disorders, illnesses or irgarthat you feel might interfere with this

study.

For any ‘yes’ answer above, please describe the, tiype, extent, duration, and limitations on

your daily activities.
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Part IV
Availability (including evening hours)

Monday:

Tuesday:

Wednesday:

Thursday:

Friday:

Weekends:

Filled out by experimenter:

Height: (cm)
Torso Depth: (cm)
L5/S1 Height: (cm)
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Weight:

Torso Width

T10 distance

(kg)
(cm)

(cm)



Subject#:
Gender: M F
Age:
MMHexp:__

Height (cm).__

Weight (kg):

Harness Height from L5/S1 (cm):

Laser Height from L5/S1 (cm):
L3 Heigth (cm):

L1 Heigth (cm):

T12 Heigth (cm):

S1 Heigth (cm):

FR-Angle:
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Date:




