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(ABSTRACT) 

 

 Few studies have investigated the neuromuscular recruitment and stabilizing 

control of the spine during pushing and pulling exertions.  Past theoretical investigation 

suggest that co-contraction of the of the paraspinal muscles is necessary to stabilize the 

spine during pushing exertions.  We hypothesized greater levels of co-contraction during 

pushing exertions.  Co-contraction of trunk musculature was quantified during isometric 

pushing and pulling tasks.  The mean value of co-contraction during pushing was two-

fold greater (p < 0.01) than during extension.   

 Co-contraction has been shown to increase the stiffness of the ankle but this effect 

has not been demonstrated in the trunk.  Trunk stiffness was measured as a function of 

co-activation during extension exertions.  Results demonstrate trunk stiffness was 

significantly (p < 0.01) greater with co-activation.   

 Trunk stiffness was calculated during isometric pushing and pulling exertions.  

We hypothesized trunk stiffness would be greater during pushing tasks due to increased 

levels of co-contraction to maintain stability of the spine.  Results demonstrate trunk 

stiffness was significantly (p < 0.05) greater during pushing compared to pulling 

exertions.   

 Results suggest that trunk isometric pushing tasks require more co-contraction 

than pulling tasks enable to maintain spinal stability.  Greater levels of co-contraction 
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during pushing exertions caused trunk stiffness to be greater during pushing compared to 

pulling tasks.  Results may indicate greater risk of spinal instability from motor control 

error during pushing tasks than pulling exertions.  Future studies need to consider co-

contraction and neuromuscular control of spinal stability when evaluating the 

biomechanical risks of pushing and pulling tasks. 
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CHAPTER 1 - INTRODUCTION 
 
 Low-back disorders (LBDs) are the most prevalent source of musculoskeletal 

disability and one of the most significant musculoskeletal problems in the United States.  

LBDs are the leading cause of lost work days and the most costly occupational safety and 

health problem facing industry.  Epidemiologic studies have identified manual material 

handling (MMH) tasks with high risk of occupational-related LBDs19.  Push-pull 

exertions now account for nearly half of MMH2 as industry is rapidly changing from 

lifting tasks to pushing and pulling tasks.  Research has identified pushing and pulling as 

a major LBD risk factor, accounting for 20% of injury claims9;14.  Trunk biomechanics 

represents a significant predictor of occupational LBD risk 19 but little is known 

regarding biomechanical risks of industrial pushing and pulling tasks.  Clearly, there is a 

significant need to quantify the biomechanical demands placed on the body during 

pushing and pulling tasks to control the prevalence of occupational LBD.    

 The primary muscle groups recruited for generation of a trunk flexion exertion 

during a pushing task are the recti abdomini (RA) and the external obliques (EO).  

However, it may be necessary to also recruit the lumbar paraspinal (LP) muscles during 

pushing exertions to guard against global and local instability of the spine4 despite the 

fact that they provide no mechanical potential for the generation of a flexion moment.  

Conversely, recruitment of the LPs are required to generate trunk extension during a pull 

or lift task thereby contributing stability to the spine.  During a pull or lift task spinal 

stability may be augmented with low levels of antagonistic co-contraction4. Choi6 found 

higher co-contraction in the muscles surrounding the cervical spine during neck flexion 

then extension using an EMG-assisted optimization procedure.  However, we are aware 
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of no studies to empirically quantify lumbar co-contraction during push/pull tasks.  

Increased levels of co-contraction are known to increase the stiffness around a joint 13.  If 

flexion exertions are associated with greater co-contraction than extension exertions then 

one should expect greater trunk stiffness during flexion exertions.  However, past 

investigations have found no difference in trunk stiffness between flexion and extension 

exertions 8;24. 

 There are three goals of this study.  First, empirically quantify and compare co-

contraction during trunk flexion exertions versus trunk extension exertions.   Second, 

document that trunk stiffness increases with co-contraction in the torso musculature.  

Third, empirically measure and compare trunk stiffness during trunk flexion exertions 

versus trunk extension exertions.   This thesis will present each goal (chapter) in a 

separate formatted manuscript and submitted for publication in peer-reviewed 

biomechanical journals.  
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HYPOTHESES  

1. Co-contraction of trunk muscles will be greater during flexion extensions then during 

extension exertions (Chapter 3). 

2. Co-contraction of the trunk musculature contributes to increased trunk stiffness 

(Chapter 4). 

3. Trunk stiffness will be greater during flexion then extension exertions (Chapter 5).   

 

 

SPECIFIC AIMS 

1. a) Measure trunk muscle activation (EMG) during trunk flexion and extension 

exertions.  

b) Implement a computational model to quantify torso muscle co-contraction from 

measured EMG data. 

c) Compare torso muscle co-contraction during flexion exertions versus co-

contraction during trunk extension exertions. 

 

2. Quantify the influence of co-contraction on trunk stiffness during voluntary isometric 

extension exertions.  

 

3. Measure and compare trunk stiffness during flexion and extension exertions 

computationally. 

 



 

 4

CHAPTER 2 - BACKGROUND 
 
2.1 Electromyography 
 
2.1.1 EMG Basics  

 When a muscle is stimulated by a nerve, neurotransmitters such as acetylcholine induce 

Ca2+ release from sarcoplasmic reticulum that surround each muscle fiber.  This triggers an 

opening of the voltage dependent Na+ and K+ channels, creating a depolarization front called an 

action potential, which travels through the length of the muscle fiber.  An action potential can be 

characterized as a biphasic, and sometimes triphasic, waveform similar to a nerve.  As the 

waveform travels the length of the muscle fiber, the change in electric potential in or around the 

surrounding muscle due to depolarization of the cell membrane can be measured using 

differential electrodes parallel to the length of the fiber.  This is commonly referred to as 

electromyography (EMG).  Single muscle fiber activity can be recorded by means of intra-

muscular electrodes.  Non-invasive surface electrodes can be used to record composite activity 

from muscle fiber groups in the vicinity of the electrode to represent whole muscle recruitment.  

In this study, overall recruitment patterns of muscle groups are more of interest than the activity 

of a single fiber.  Therefore surface EMG is used to record the summation of action potentials of 

a muscle group underlying the skin where the electrodes are placed.  Proper processing of the 

raw EMG along with successful placement of EMG is necessary for appropriate interpretation of 

myoelectric activity. 

   

2.1.2 EMG Processing  

The goal of EMG measurement is to achieve insight into muscle recruitment patterns.  

Therefore the EMG signal must be appropriately conditioned and processed to represent muscle 
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activation.  Raw surface EMG recorded during periods of muscle activation appears to be chaotic 

in character with varying amplitude (Figure 2.1) even though it truly the superposition of action 

potentials from multiple muscle fibers within a muscle group.  The first step in processing raw 

EMG is to amplify and band-pass filter the differential signal between 20 and 500 Hz by the 

EMG hardware.  This is to eliminate low frequency motion artifacts and to remove high 

frequency noise above 500Hz.  To prevent aliasing when the signal is acquired it is necessary to 

record the data at collection frequencies greater than 1000 Hz.  The signal is full-wave rectified 

to translate the raw EMG into a single polarity.  Using software the signal is low-pass filtered 

and smoothed, at or below 30 Hz.  The Butterworth filter also serves the purpose of replicating 

the second order response of the muscle to the impulses provided the action potentials 23.  

Collected and processed EMG are normalized to a maximum voluntary contraction (MVC) of 

each muscle to compare myoelectric activity of different muscles and individuals.  
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Figure 2.1.  Typical raw EMG activity of muscle during periods of muscle activation and periods of rest, 
recorded by a surface EMG electrode. 
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2.1.3 EMG Placement 

In research interested in muscle activity of a body segment, EMG are commonly 

collected from all of the major muscle groups within the segment.  For research of the lumbar 

torso measured trunk muscles typically reported in the literature 12 include the left and right recti 

abdomini (RA), lumbar paraspinal (LP), internal oblique (IO), and external oblique (EO).  These 

four muscle groups constitute the four major muscle groups of the lower back.  Electrodes for the 

RA are placed 3 cm lateral and 2 cm superior to the umbilicus; LP 4 cm lateral to the L3 spinous 

process; posterior IO 8 cm lateral to the midline within the lumbar triangle at a 45°; and EO 10 

cm lateral to the umbilicus with an orientation of 45° to vertical 21 (Figure 2.2).   

IO

EO
RA

LP

. 

Figure 2.2.  Schematic representation of the EMG placement of the four major trunk muscle groups (left and right 
rectus abdominus, external obliques, lumbar paraspinals, and internal obliques). 

 

2.1.4 Antagonistic Co-activation and Co-contraction 

 Muscles work in agonist and antagonist pairs in the musculoskeletal system. Agonist 

muscles are arranged in groups around joints so that their contraction is responsible for 

promoting movement of a body segment.  Antagonist activity tends to oppose the movement and 

provide no mechanical potential to contribute to the displacement output.  For example, during 

elbow rotation from a flexed to an extended position the triceps promote movement of the elbow 
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towards full extension while the biceps oppose this action (Figure 2.3).  Activity of the 

antagonistic muscle is a common occurrence in human body movement about a joint, this 

phenomena is known as antagonistic co-activation 5.  Recognizing that muscle force increases 

with activation 16, antagonistic muscle force is higher during co-activation.  This is commonly 

referred to antagonistic co-contraction.   

 

antagonistic muscle group 
(biceps)

agonist muscle group 
(triceps)

From Chaffin, DB et al (1999) Occupational Biomechanics, Fig 2.26

elbow extension

 
 
Figure 2.3.  The triceps promote elbow extension although co-contraction of the biceps will be apparent despite the 

fact that it inhibits elbow extension. 
 

 

2.2 Quantitative Assessment of Co-contraction 

2.2.1 Biomechanical Modeling 

 Estimation of muscle forces from a biomechanical model with some level of anatomic 

accuracy cannot be uniquely solved using traditional mechanics because of the indeterminacy 

problem.  There are many more muscles than degrees of freedom for any anatomical joint since 

muscle forces are commonly unknown in biomechanical problems. Therefore, there is no unique 

determinate solution of muscle forces.  One method for resolving this issue is to reduce the 
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number of unknowns, i.e. by using muscle equivalents.  However this limits biofidelity. Lee et 

al20 computed spinal compression from a biomechanical model of the trunk incorporating only 

one trunk muscle.  This model did not consider co-contraction.  Lee acknowledges that 

�assuming that only one muscle is active at one time to stabilize the torso may not be appropriate 

for the estimation of muscle forces in the lower back�.  Another approach is to collect EMG and 

estimate muscle force using a well documented EMG-force relationship 11.  Briefly, EMG is 

normalized to the highest amplitude during maximum voluntary contractions.  Further 

conversion of muscle activity to force requires an incorporation of muscle cross sectional area, 

muscle length, and shortening/lengthening velocity. 

 Optimization is another known method to overcome indeterminacy.  Optimization finds 

the minimum of an objective function subject to one or more constraints.  For example, the force 

of the biceps brachii (F1) and bracialis (F2) muscle can be found using optimization given the 

moment about the elbow (ME) caused by these two muscles and their respective moment arms 

(r1,r2).   

                                                       2211 FrFrM E +=                                                                  (2.1) 

A common objective function is to minimize the sum of the two forces (equation 2.2) subject to 

the constraint that summation of the moment due to each muscle force are equal to the total 

moment about the elbow (equation 2.3).  A boundary constraint may be that each muscle must be 

greater than zero because muscles only work tension (equation 2.4).  

                                                              ∑ iFmin                                                                      (2.2) 

                                                          ∑ = Eii MFr                                                                     (2.3) 

                                                                 0≥iF                                                                        (2.4)                         
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 Predicted muscle force is dependent on the objective function.  Optimization generally 

doesn�t account for antagonistic co-contraction.  Another limitation of optimization is that it fails 

to fully represent inter-subject variability.  However, a hybrid approach of EMG and an 

optimization model can be used to quantify co-contraction and account for inter-subject 

variability.  

 

2.2.2 EMG-Assisted Determination of Muscle Force  

Quantification of co-contraction in cervical musculature has been successfully achieved 

through the use of an EMG-assisted optimization model6.  Muscle forces were decomposed into 

a task subset and a co-contraction subset of forces.  The task subset represented the minimal 

muscle force needed to maintain equilibrium during the exertion, while the co-contraction subset 

represented the muscle forces due to antagonistic co-contraction.  The summation of the task and 

co-contraction subsets equals the total muscle forces calculated from the EMG-force 

relationship. 

Inputs to the model were EMG data and measured external loads.  EMG were collected, 

processed, and normalized to a maximum voluntary contraction (MVC) for the major cervical 

musculature.  MVC were taken as the largest amplitude of EMG data from steady-state three 

second maximum isometric flexion, extension, and left and right-lateral cervical twisting 

exertions.  External loads were calculated about the C5/C4 joint using inverse dynamics from 

recorded reaction forces.  Estimated weights of the head were established from published 

anthropometric data. 

To construct the model muscle origins, insertions, and cross sectional areas of the 

cervical muscles were established from published anatomy.  The moment generating capacity of 
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each muscle was determined from the vector product between the unit vector direction of muscle 

force, iF� , and the muscle origin, ri, for each muscle i = 1..12,.   This was scaled by the muscle 

force magnitude, iF , to determine muscle moment.  The sum of muscle moments must achieve 

equilibrium with respect to the measured external moments (equation 2.5).  

                                                   ∑
=

×=
n

i
iiiext FrFM

1

}�{      n = 12                                         (2.5) 

 Muscle force (equation 2.6) was assumed to have a power relationship with normalized 

EMG 7;25.   

                                            iii Ga
EMG

EMGF
3.1/1

max








=                                              (2.6) 

where Fi is the ith muscle force (N), ai is the ith muscle cross-sectional area (m2), EMG/EMGmax is 

the normalized muscle activity, and Gi is muscle Gain.  Gain represents the muscle force capacity 

per unit cross-sectional area and were required to be calibrated for each subject.  Each subject 

had the dame value of gain for each muscle.   

 This procedure allowed for a set of muscle forces to be estimated from measured EMG 

and kinetic loads.  Decomposition of this set of muscle forces into a task subset and co-

contraction subset is discussed next. 

 

2.2.3 Co-contraction Analysis 

 Note that muscle forces determined from the EMG-assisted approach include components 

necessary to achieve equilibrium plus the effects of co-contraction, Fi_Total.  Co-contraction was 

determined by comparing Fi_Total with values necessary for equilibrium.  The set of muscle 

activations and associated forces (equation 2.6) necessary to achieve equilibrium without co-
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contraction, Fi_Equil, were estimated by means of linear programming.  Specifically, the set of 

muscle activations were determined to minimize the sum of squared muscle force with 

equilibrium equality constraint (equation 2.5).  Note that the objective function results in muscle 

forces sufficient for equilibrium but with no co-contraction.  The Gain contributes to the force 

magnitude during this process and was therefore calibrated prior to estimation of muscle 

activation by setting it equal to the Gain value computed from the EMG-assisted model 

described above.  The components of muscle force attributed to co-contraction were determined 

by comparing the two sets of muscle forces, 

 Fi_Co-Contr = Fi_Total - Fi_Equil         (2.7) 

Co-contraction was expressed as the percentage total muscle force, i.e. the ratio of the 

sum of Fi_Co-Contr versus the sum of Fi_Total. 

   Co-contraction = 



















∑

∑

=

=
−

n

i
Totali

n

i
ContrCoi

F

F

1

1100                                         (2.8) 

Spinal load was computed as the vector sum of muscle forces and included components of spinal 

load attributed to co-contraction and spinal load attributed to equilibrium muscle forces.   

 Using this methodology the contribution of muscle co-contraction can be quantified 

along with co-contraction�s contribution on spinal load.  Choi6 observed a three-fold increase in 

co-contraction from neck extension (8-16%) to flexion (30-41%) in cervical musculature.  The 

amount of spinal compression due to co-contraction during neck flexion exertions was an 

average of 38.9%.  It is believed this procedure can be used to quantify co-contraction in lumbar 

musculature during trunk movement about the L5/S1 joint to provide insight into antagonistic 

co-contraction�s influence on spinal load in the lumbar back.  
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2.3 System Identification 

2.3.1 System Identification for Estimation of Joint Stiffness 

 Dynamics deals with the relation between forces acting on a body and the resulting 

movement.  Musculoskeletal joint dynamics are generally non-linear.  However, for small 

displacements about a prescribed operating point, the dynamic behavior is adequately 

represented by a linear second-order model 18.  In other words, for small force or angular 

perturbations about an approximately constant trunk moment and posture the system dynamics 

can be represented as a linear second-order system.  In this study, trunk stiffness was calculated 

using this methodology and is described in detail in the rest of the section. 

 

2.3.2 Linear Time-Invariant Systems 

 To understand physical dynamics, a mathematical model is created.  Such models can be 

called a system, a process that will behave a certain way given an input and an initial state.  

Some systems are highly complex, such as the weather, where the sunlight and ocean currents 

can be seen as inputs and snowfall can be seen as an output.  Other systems are simpler such as a 

one segment pendulum (Figure 2.4). 

l

θ
m

 

Figure 2.4.  Single degree of freedom pendulum. 
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The output of this system, i.e. angular displacement of a pendulum from a resting position given 

a unit impulse, is known as the impulse response function (IRF). 

The IRF for this system can simply be written as 

                                                 )sin()( t
l
gt =θ                      2.9 

where g is the acceleration due to gravity, θ(t) is angular displacement of the pendulum measured 

from vertical as a function of time, and l is the length of the cord with an attached mass, m. 

System identification techniques have been developed to understand system dynamics.  

These techniques are especially useful for linear time-invariant (LTI) systems.  A linear time-

invariant (LTI) system is defined as a system that has the properties of scalability, additivity, and 

time-invariance.  In the case of a system with input x(t) and output y(t), the output can be written 

as an operator function of the input, or f(x(t)) = y(t).  A system is said to be scalable or linear if a 

multiplying a factor to the input results in output that is multiplied by the same amount.   

 f(ax(t))= ay(t)   2.10 

A system is said to be additive (or superimposable) if input x1(t) results in output y1(t), and input 

x2(t) results in output y2(t), then given input of the sum of x1(t) and x2(t), the system output will 

be the sum of y1(t) and y2(t).    

 f(x1(t)+x2(t))= y1(t)+y2(t)                 2.11 

A system is said to be time-invariant if the time shift of input results in identical time shift of the 

output. 

 f(x(t-s))= y(t-s)                                                    2.12 

Few systems are truly linear and time-invariant, but approximating such systems is reasonable 

and has been used to describe trunk stiffness22 and stretch reflex dynamics 17. 
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2.3.3 Convolution 

The input x(t) signal of a system can be interpreted as a string of very short pulses as 

shown in equation 2.13 , where δ is the pulse height, δ=1/∆, and ∆ is the pulse width.  

                              
∑
∞

−∞=
∆ ∆∆−∆=

k
ktkxtx )()()( δ

   2.13 

 As lim ,0→∆  the above sum can be written as an integral of the signal value multiplied 

by a delta function, an infinitely high and short pulse with area of unity (equation 2.14). 

 ∫
∞

−∞=

−=
t

dtxtx ττδτ )()()( .     2.14 

A linear time-invariant system can be described using its response to a delta function, 

known as the impulse response.  For each instant in time the signal at that point can be 

considered as a delta function, and it will result in an impulse response.  Next moment in time 

the signal will result in another impulse.  Since the system is additive, the impulse responses can 

be added up over the time from the initial to final limit.  Then the output of the system will be the 

sum of all impulse responses.  This mathematical process is called convolution (equation 2.20), 

where output y(t) can be described by the IRF, h(t) convolved (notated with *) with input x(t)). 

 )()()()()( thtxdthxty ∗=−= ∫
∞

∞−

τττ         2.15 

 

2.3.4 Correlation Function Analysis 

A linear system can be represented as either a parametric or nonparametric filter.  A 

nonparametric form can be represented by a curve and a parametric form can be represented by 

an equation.  Nonparametric models use descriptions such as an IRF or a frequency response 

function that make no assumptions about systems structure or order.  They are well adapted to 
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the study of unknown systems.  Parametric models describe system behavior in terms of an 

analytic expression 18.  Parametric modeling is only successful if the analytical expression or 

model structure is selected appropriately to represent the nonparametric system behavior.  This 

may be done using a priori knowledge about the dynamics of the components of the systems.  In 

this study, a nonparametric filter is used to determine the IRF of output trunk movement at the 

T10 level y(t) of the trunk given an input force x(t).  Trunk stiffness is then determined by 

parameterizing the IRF as a second-order system. 

Linear nonparametric models have been used to describe joint dynamics 1;15;22.  For a 

time-invariant system a nonparametric filter can be represented by a single real vector in the time 

domain or by a single vector in the frequency domain (transfer function).  One time domain 

approach involves the use of an iterative minimization procedure in which h(t) is repeatedly 

convolved with the input as in equation 2.19 15.  After each convolution h(t) is modified to 

reduce the sum of squared errors between actual and predicted outputs until the sum of squares 

can no longer be reduced.  This procedure is very slow.  The time domain approach used in this 

study is called correlation function analysis which involves solving a matrix equation in which 

the input/output (force/angle) cross-correlation function is expressed as a function of the input 

(force) autocorrelation function and the filter. 

The first step for using the correlation function was to express y(t) as a convolution 

integral of the x(t) and IRF h(t) (equation 2.16).   Using the time-invariance property, the input 

and the output are shifted by r. 

 ∫
∞

∞−

−+=+ τττ dthrxrty )()()(   2.16 

Next, both sides are multiplied by x(r) and integrated over r.  
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 ∫
∞

∞−

−+=+ τττ dthrxrxrtyrx )()()()()(   2.17 

 ∫ ∫∫ ∫∫
∞

∞−

∞

∞−

∞

∞−

∞

∞−

∞

∞−

+−=+−=+ drdrxrxthdrdrxthrxdrrtyrx ττττττ )()()()()()()()(   2.18 

With manipulation, the integrals on the right hand side can be written as a convolution of IRF 

and another integral. 

 

∫ ∫

∫ ∫∫
∞

∞−

∞

∞−

∞

∞−

∞

∞−

∞

∞−

+−=

+−=+

τττ

τττ

ddrrxrxth

drdrxrxthdrrtyrx

))()()((

)()()()()(

  2.19 

Using the definition of the correlation function (equation 2.20a,b), equation 2.19 can be 

written as equation 2.21, where the cross-correlation function between x(t), and y(t), Cxy(t), is the 

convolution of the IRF and the autocorrelation of x(t) , Cxx(t). 

 τττ∫
∞

∞−

+= dtyxtCxy )()()(   2.20a  

 τττ∫
∞

∞−

+= dtxxtCxx )()()(   2.20b 

 τττ dCthtC xxxy ∫
∞

∞−

−= )()()(   2.21 

Equation 2.21 can also be written in discrete time as equation 2.22. 

 ∑
∞

−∞=
−=

i
xxxy ikhiCkC )()()(   2.22 

Equation 2.22 can be then be written in matrix form and solved for H to obtain:  

 xyxx CC
t

H 11 −

∆
=                                                         2.23 
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where Cxy is an M2 � M1 + 1 length vector whose ith element is Cxy(M1 + i � 1), Cxx is an M2 � M1 

+ 1 square matrix whose i, jth element is cxx(i � j), and H is an M2 � M1 +1 length vector whose ith 

element is h(M1 + i � 1).  H will be a vector representing the IRF, i.e. trunk displacement which 

would occur given a single force impulse.   

 In physical systems it is often unrealistic to ignore process noise, n(t) in the output signal, 

y(t).  The observed signal z(t) becomes z(t) = y(t)+n(t), or 

 )()()()( tndtxhtz +−= ∫ τττ .    2.24 

Using correlation functions, this can be written as 

 ∫ +−= xnxxxz CdtChtC τττ )()()(        2.25 

where Cxn is the cross-correlation function of x(t) and n(t), as defined in equation 2.20a.  As long 

as x(t) and n(t) are not correlated, i.e. noise is not correlated with input, Cxn approaches zero, and 

thus effects of process noise can be reduced.  Published techniques illustrate that adding white 

noise to the input signal will reduce the effect of sample period by decorrelating the noise from 

the input signal.  The magnitude of white noise added is 30% of one standard deviation of the 

input trunk force.  A lower magnitude of white noise was found to be insufficient to reduce the 

effect of ample size effects while a higher magnitude was found to drown out the input signal.   

Several steps are performed to ensure an accurate IRF c.  Since the applied trunk force 

data would need to be sub-sampled from 1000 Hz to 200 Hz to match the trunk displacement 

data, both signals are filtered using a 75 Hz, low-pass, seventh-order Butterworth filter in 

software (Matlab, Natick, MA) to avoid aliasing.  The two signals are filtered with the same 

filter to insure no phase shift (time delay) discrepancy between the signals caused by the 
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filtering.  Both applied trunk force and trunk displacement were subtracted from their mean 

values prior to analysis in order to properly estimate the correlation functions 3.   

To measure the quality of the IRF estimate, HEst, of the trunk displacement response, the 

computed IRF was convolved with the measured pseudorandom force sequence to produce an 

estimate of the trunk displacement, yEst.   

   ∫ −= τττ dtHxty EstEst )()()(                      2.26 

The equivalence between the predicted and observed displacements was measured in terms of 

the percentage of displacement variance accounted for (VAF), defined as   

                     
( )

( ) 
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2
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1100

Est

EstMeas

ty

tyty
VAF                                              2.27                   

VAF equal to 100% indicates the IRF exactly predicts the measured trunk displacement signal 

from the input force perturbations.  

  

2.3.5 Parameterization of Nonparametric Models 

 Previous studies have estimated trunk stiffness by parameterizing the dynamics of the 

trunk as a second order linear system 8;10.  Inspection of the IRF shapes from the experiment 

reveal that the system appears to be very similar to a second-order, underdamped system 

exhibiting one oscillation (Figure 2.5).   
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Figure 2.5.  Typical IRF relating trunk displacement to the applied trunk force and the superimposed second order 

fit.  This clearly illustrates that a linear second order system can accurately describe trunk dynamics. 
 
The nonparametric IRFs were subsequently parameterized using a second-order system in the 

time domain of the form: 

      )sin()(� tAetH d
Bt ω−=                                                      2.28 

where A is the underdamped amplitude, B is the damping coefficient, and ωd is the damped 

natural frequency.  The values of A,B and ωd that best approximate the system dynamics can be 

selected by minimizing the least square error (LSE) between estimated displacement, ypred(t), and 

calculated nonparametric displacement, yactual(t), (Figure 2.5). 

                                                
( )

( )∑
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t
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t
actualpred
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LSE 2

2
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)()(
                                                  2.29 

 To calculate the system stiffness it is first necessary to look at the typical Laplace 

representation of a second order system: 

Actual 
Displacement 
y(t)actual 

Estimated 
Displacement 
y(t)pred 
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=                                                    2.30 

where G is the static gain, ξ is the damping parameter, ωn is the underdamped natural frequency, 

and s the Laplace variable (jω).  The inverse transform of equation 2.30 yields the time-domain 

representation: 

                                                  te
G

tH n
tn n 2

2
1sin

1
)(� ξω

ξ
ω ξω −
−

= −                                         2.31 

Comparison of equation and 2.28 and 2.31 demonstrates the following relationships which can 

be used to solve for G, ωn, andξ  with the known measured parameters of A, B, and ωd.  

                                                             
21 ζ

ω
−

= nG
A                                                                   2.32 

                                                                  nB ζω=                                                                     2.33  

                                                           21 ζωω −= nd                                                               2.34 

Determination of the stiffness can be made by examining the other common Laplace 

representation of a second-order system: 

                                                       
kbsms

sH
++

= 2

1)(�                                                            2.35  

where m is the trunk mass, b is the trunk damping, and k is the trunk stiffness.  Comparison of 

equation of 2.35 and 2.30 yields the following relationships to obtain system stiffness, k. 

                               2

1

nG
m

ω
=                                 2.36 
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           2

2

nG
b

ω
ζ=                                  2.37 

                 
G

k 1=                                  2.38 

 Using this methodology an accurate estimation of trunk stiffness has been made to 

determine the effects of load level on trunk stiffness during trunk extension exertions 22.  It is 

believed that the same procedure can be used to calculate trunk stiffness as a function of varying 

levels of antagonistic co-activity and load direction 
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Abstract 

SIGNIFICANCE:  Pushing and pulling tasks account for 20% of low-back injury 

claims in manual materials handling occupation.  However, few studies have investigated 

the neuromuscular recruitment and stabilizing control of the spine during these tasks.  

BACKGROUND:  The primary torso muscle groups recruited during pushing 

tasks are the rectus abdominis and the external obliques.  However, theoretical analyses 

suggest that co-contraction of the paraspinal muscles is necessary to stabilize the spine 

during the flexion exertions.  We hypothesize that co-contraction measured during trunk 

flexion exertions must be greater than co-contraction during extension exertions and that 

spinal compression during flexion exertions will be greater than during trunk extension 

exertions of similar trunk moment.   

METHODS:  Surface EMG was recorded from the trunk muscles of 13 healthy 

volunteers who maintained isometric trunk posture against horizontal forces applied at 

the T10 level of the trunk.  A biomechanical model was implemented to estimate total 

muscle force from the measured EMG and trunk moment data.  A similar model 

estimated the muscle forces necessary to achieve equilibrium while minimizing the sum 

of squared muscle forces.  The difference in these forces represented co-contraction.  

Spinal load attributed to co-contraction was computed from the vector sum of muscle 

force. 

RESULTS:   Mean trunk moment was 68.9 Nm and was similar in the flexion and 

extension exertions.  Average co-contraction during flexion exertions was approximately 

twice the value of co-contraction during extension, i.e. 28% and 13% of total muscle 
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forces respectively.  Co-contraction increased significantly with exertion effort.  Co-

contraction accounted for up to 47% of the total spinal load during flexion exertions.  

Consequently, spinal compression during the flexion tasks was nearly 50% greater than 

during extension exertions despite similar levels of trunk moment. 

CONCLUSION:  Analyses must consider the role of co-contraction when 

evaluating spinal load during pushing exertions.  Results underscore the need to consider 

neuromuscular control of spinal stability and recognize the mechanics of multi-segment 

spine when evaluating the biomechanical risks of trunk flexion and extension exertions.   

 



 

 28

3.1 Introduction 

The primary torso muscle groups recruited for generation of a flexion exertion 

during pushing tasks are the rectus abdominis and the external obliques.  Lumbar 

paraspinal and posterior internal obliques muscles provide little mechanical potential for 

the generation of a flexion moment (McGill, 1996).  However, if the paraspinal muscles 

are not recruited during trunk flexion exertions then the spine may become unstable 

under the loads imposed by the forces from the upper body mass and trunk flexor 

muscles (Crisco and Panjabi, 1992; Crisco et al., 1992).  Hence, antagonistic co-

contraction of the lumbar paraspinal muscles during flexion exertions may be necessary 

to maintain spinal stability (Gardner-Morse et al., 1995; Crisco and Panjabi, 1991).  

Conversely, during trunk extension exertion such as lifting or pulling tasks the lumbar 

paraspinal muscles simultaneously generate equilibrium moments and spinal stability 

(Schultz and Andersson, 1981; Granata and Wilson, 2001).  Although co-contraction in 

the trunk flexor muscles can be recruited to increase stabilizing potential during extension 

exertion the antagonistic recruitment is typically small (Granata and Orishimo, 2001; 

Cholewicki et al., 1997).  Therefore, less stabilizing co-contraction is expected during 

trunk extension exertions than during flexion exertions 

The prediction of increased co-contraction during trunk flexion exertions is 

motivated by the mechanics of spinal equilibrium and stability.  Recruitment of flexor 

muscle activity causes compressive load on the lumbar spine.  With the lumbar spine in 

lordosis the compressive forces at the superior surface of the L5, L4 and L3 vertebrae 

will cause flexion moment about the base of these spinal units.  Muscle forces in the 

quadratus lumborum and multifidus must be recruited to establish equilibrium about 
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these vertebrae during flexion exertions.  Paraspinal muscle activity during flexion 

exertions may also be recruited to maintain stability.  Stability describes the ability of the 

musculoskeletal system to maintain equilibrium in the presence of small kinematic or 

control disturbances.  Crisco and Panjabi (1992) illustrated that the lumbar spine is 

incapable of supporting compressive loads in excess of 88 N without the stabilizing 

support of paraspinal muscle activation.  Spinal compression load during occupational 

pushing tasks the has been estimated at 600 to 1400 N (Schibye et al., 2001).  Therefore, 

muscle recruitment is necessary to support and stabilize the spine during active flexion 

and extension exertions.  Analyses using a one-segment model of the spine indicate that 

stability of flexion exertions can be achieved by recruiting only flexor muscle activity 

with minimal co-recruitment of the paraspinal muscle group (Granata and Orishimo, 

2001; Cholewicki et al., 1997) if sufficient muscle stiffness and external moment are 

available.  Similarly, extension exertions can be stabilized by recruiting only extensor 

muscle activity with minimal co-recruitment of the flexor muscles under conditions of 

sufficient load and muscle stiffness.  Conversely, if the stability analyses include a multi-

segment model of the spine then flexor muscles alone cannot stabilize the intervertebral 

segment kinematics (Granata and Wilson, 2001).  Engineering control analyses 

(Appendix 3.6) illustrate that at least one inters-segmental actuator is necessary to 

achieve controllability of the multi-segment spine.  Thus, theoretical analyses agree with 

previous biomechanical models to suggest that co-contraction during pushing tasks must 

be greater than during trunk extension exertions (Granata and Bennett, 2004).  Empirical 

measurements of torso muscle co-contraction are necessary to confirm this hypothesis. 
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Antagonistic co-contraction is operationally defined as muscle recruitment 

including force components acting in opposition to the desired trunk moment.  EMG 

measurements have quantified lumbar co-contraction during extension exertions but not 

during flexion exertions (Zetterberg et al., 1987; Marras and Mirka, 1992).  Chio (2003) 

reported co-contraction of the cervical spine muscles by comparing measured muscle 

forces versus forces minimally necessary to establish equilibrium.  Results from that 

study indicated that co-contraction during cervical flexion exertions accounted for 30% to 

40% of the total muscle force whereas co-contraction accounted for 8% to 16% of the 

total muscle force during extension exertions.  Studies of lifting exertions reveal that co-

contraction contributes markedly to spinal load (Granata and Marras, 1995b).  Therefore, 

neglect of co-contraction during flexion exertions will result in estimates of spinal load 

that underestimate actual values (Granata and Bennett, 2004).  We are unaware of any 

study to quantify the difference in co-contraction recruitment during lumbar flexion 

exertions versus lumbar extension exertions.   

The goal of this study was to quantify torso muscle co-contraction and spinal 

compression during trunk flexion exertions compared with similar data recorded during 

trunk extension exertions.  We hypothesize that co-contraction measured during trunk 

flexion exertions will be greater than co-contraction during extension exertions. As a 

result of the co-contraction we also hypothesize that spinal compression during flexion 

exertions will be greater than during trunk extension exertions of similar moment 

magnitude.  Empirical data were recorded using surface EMG, measured forces and 

kinematics then inputted into a biomechanical model in order to quantify co-contraction. 
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3.2 Methods 

3.2.1 Experiment 

Thirteen healthy volunteers with no history of low back disorders participated in 

this experiment.  Mean (±standard deviation) subject mass and stature was 71.4 ±21.3 kg 

and 175.1 ±9.8 cm, respectively.  Subjects provided informed consent approved by the 

Virginia Tech human subjects review board before participation in the experiment. 

The protocol required subjects to maintain an upright trunk posture against an 

external flexion or extension load applied to the trunk.  Subjects were secured to a pelvic 

restraint frame designed to restrict the motion of the pelvis and lower body while in a 

standing posture (Figure 3.1).  A chest harness and cable system attached the subject to a 

servomotor (Pacific Scientific, Rockford, IL) such that cable tension applied external 

loads at the T10 level of the trunk.  The motor applied isotonic loads of 100, 135, and 170 

N.  To generate trunk extension exertions the subjects faced the motor such that the cable 

tension applied a horizontal flexion force.  To generate trunk flexion exertions the 

subjects faced away from the motor such that the cable tension applied a horizontal 

extension force. 

Once subjects confirmed they were at steady state with respect to the applied 

force, isometric EMG data were recorded.  EMG signals were collected using bipolar 

surface electrodes (Delsys, Boston, MA) on the left and right rectus abdominis (RA), 

lumbar paraspinals (LP), internal oblique (IO), and external oblique muscles (EO).  

Briefly, electrodes for the RA were placed 3 cm lateral and 2 cm superior to the 

umbilicus; LP 4 cm lateral to the L3 spinous process; posterior IO 8 cm lateral to the 
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midline within the lumbar triangle at a 450; and EO 10 cm lateral to the umbilicus with an 

orientation of 450 to vertical (Marras and Mirka, 1992).  All EMG data were band-pass 

filtered in hardware between 20 and 500 Hz and sampled at 1000 Hz.  The EMG signals 

were rectified and filtered using a 25 Hz, low-pass, seventh-order Butterworth filter in 

post-processing software (Matlab, Natick, MA).  EMG values from each muscle were 

normalized with respect to their maximum values recorded during isometric maximum 

voluntary contraction (MVC) in flexion, extension, right and left lateral twist exertions 

(McGill, 1991).  

Trunk moments were calculated about the L5/S1 joint using inverse dynamic 

analyses from ground reaction forces as described in Granata et al (Granata et al., 1995).  

Although subjects maintained an isometric upright trunk posture, 3-D kinematics of the 

trunk were recorded from electromagnetic sensors (Ascension Technology, Natick MA) 

taped to the skin over the S1 and T10 vertebrae and at the manubrium (Granata and 

Sanford, 2000).  Processed EMG data, trunk kinetics and kinematics were inputted into a 

biomechanical model to estimate co-contraction during the flexion and extension 

exertions. 

 

3.2.2. Biomechanical trunk model 

A three-dimensional, two-segment model was implemented to compute muscle 

force and spinal load (Granata and Wilson, 2001) (Figure 3.2).  The two-segment 

geometry allowed assessment of equilibrium with respect to trunk posture as well as 

representing intervertebral buckling behavior (Bergmark A., 1989) while retaining 

simplicity for interpretation of results and assignment of muscle forces.  Twelve muscle 
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equivalents were represented including the right and left RA, EO, IO, and a three 

component paraspinal muscle on both the right and left sides.  The paraspinal muscles 

included one- and two-segment muscles, e.g. inter-transversus and longisimus thoracic 

equivalent muscles.  Anthropometric origin, insertion and cross-sectional area of each 

muscle were established from published anatomy (Jorgensen et al., 2001; Marras W.S. et 

al., 2001) and described elsewhere (Granata and Wilson, 2001).  The moment generating 

capacity of each muscle was determined from the vector product between the unit vector 

direction of muscle force, iF� , and the muscle origin, ri, for each muscle i=1..12,   This 

was scaled by the muscle force magnitude, Fi, to determine muscle moment.  The sum of 

muscle moments must achieve equilibrium with respect to the measured external 

moments (equation 3.1).  

 ∑
=

×=
n

i
iiiext FrFM

1

}�{      n = 12 (3.1) 

 Fi = Gain α i Areai  f(Leni)  f(Veli)        i=1..12 (3.2)  

 0 ≤ αi ≤ 1 (3.3) 

Magnitude of force in each muscle (equation 3.2) was determined from the product of 

muscle activation, αi, muscle cross-sectional area, Areai, muscle Gain, and modulating 

factors to represent physiologic effects of force-length, f(Leni), and force-velocity, f(Veli) 

as described in our previous spine models (Granata and Marras, 1995a).  Recognizing 

that the exertions represented an isometric upright posture, the force-length and force-

velocity values were set to unity.  Gain represented force capacity per unit cross-sectional 

area of the muscles and were calibrated for each subject.  To be physiological valid the 
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predicted Gain values must lie between 30 and 100 N cm-2 (Reid et al., 1912; McGill and 

Norman, 1986).   

Co-contraction was determined from muscle forces by solving for activations, αi, 

from measured EMG and comparing them with the values necessary for equilibrium.  In 

the EMG-assisted approach equilibrium was achieved by determining the Gain value 

necessary to satisfy equations 1 and 2 with constraints requiring that αi must be equal to 

normalized EMGi for each muscle i = 1..12.  Activation values of the three components 

of the LP muscle were equally distributed and numerically equivalent to the normalized 

EMG recorded from the LP electrode site.  Note that muscle forces determined from this 

EMG-assisted approach includes components necessary to achieve equilibrium plus the 

effects of co-contraction, Fi_Total,.  The set of muscle forces necessary to achieve 

equilibrium without co-contraction, Fi_Equil, were estimated by means of linear 

programming.  Specifically, the set of αi were determined to minimize the sum of 

squared muscle force with equilibrium equality constraint (equation 3.1) and activation 

boundary constraints (equation 3.3).  The Gain contributes to the force magnitude 

determined from this analysis and was therefore calibrated prior to estimation of αi by 

setting it equal to the Gain value computed from the EMG-assisted model described 

above.  As per the methods of Choi (2003) the components of muscle force attributed to 

co-contraction were determined by comparing the muscle forces from these two analyses, 

 Fi_Co-Contr = Fi_Total - Fi_Equil  (3.4) 

Co-contraction was expressed as the percentage of total muscle force attributed to 

co-contraction, i.e. the ratio of the sum of Fi_Co-Contr versus the sum of Fi_Total.  
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                                  Co-contraction = 






 ∑∑
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Spinal load was computed as the vector sum of muscle forces and included components 

of spinal compression attributed to co-contraction and spinal compression attributed to 

equilibrium muscle forces.    

Statistical analyses were performed to determine the effects of flexion versus 

extension and exertion level (100 N, 135 N, 170 N).  A two factor (flexion/extension, 

exertion level) repeated measures ANOVA were performed with dependent variables 

including co-contraction and spinal compression.  Analyses were performed using 

commercial software (Statistica, 4.5 Statsoft, Inc., Tulsa OK) with a significance level of 

α<0.05.  Tukey honest-significant difference (HSD) post-hoc analyses were used to 

compare differences among significant treatments. 

 

  

3.3 Results 

 Predicted values of the muscle gains provided insight to the performance of the 

model.  The average gain was 47.5 ±21.3 N/cm2 and well within the physiological 

accepted range of 30 to 100 N/cm2.  The errors between predicted and experimentally 

measured moments were small, i.e. average error 1.2% during flexion and 2.1% during 

extension exertions.  Mean trunk moment was 68.9 ±10.9 Nm.  The experimental 

protocol applied similar horizontal external forces to the trunk during both flexion and 

extension exertions, so it is not surprising that trunk moments were not significantly (p < 

0.412) different in flexion and extension exertions.  Trunk moment increased 
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significantly (p < 0.05) with exertion level from 59.3 ± 6.8 Nm during 100 N load 

conditions to 80.8 ±5.2 Nm during conditions at 170 N loads.   

 Results demonstrated that the co-contraction ratio was significantly (p < 0.01) 

greater during flexion exertions than during extension exertions.  The average co-

contraction during flexion was approximately twice the value during extension, 27.9 

±10.4% and 13.3 ±5.8% respectively.   Co-contraction increased significantly (p < 0.01) 

with respect to exertion level, ranging from mean levels of 12.1 ± 8.0% at 100 N load to 

30.9 ±9.3% during conditions at 170 N load.  There was no significant interaction 

between exertion level and flexion/extension (p = 0.783).   

 Recognizing that co-contraction was greater during flexion exertions than during 

extension despite similar trunk moments, one must expect differences in spinal load 

attributed to the muscle forces.  During flexion exertions the spinal compression was 

significantly (p < 0.05) greater than during extension exertions.  Average spinal 

compression during flexion was 1520.7 ± 250.3 N while the average spinal compression 

during extension was 1037 ± 172.1 N.  Spinal compression increased significantly (p < 

0.05) with respect to exertion level, from a mean value of 835 ±89 N during 100 N load 

conditions to 1736 ±289 N during 170 N load conditions.  Recall that the force in each 

muscle included components necessary to achieve the task equilibrium, FEquil, plus the 

force attributed to muscle co-contraction, FCo-contr.  The compressive load attributed to the 

equilibrium components of muscle force, FEquil, was not significantly (p = 0.312) 

influenced by flexion/extension.  Compressive load attributed to co-contraction, FCo-contr, 

was significantly (p < 0.01) greater during flexion exertions than during extension 

exertions.  FCo-contr (p < 0.01) contributed to increased spinal compression with increased 
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exertion level.  Thus, co-contraction significantly affected spinal loads during both 

flexion and extension exertions. 

       

 

3.4 Discussion 

Pushing and pulling tasks account for 20% of low-back injury claims in manual 

materials handling occupations (Damkot et al., 1984).  However, few studies have 

investigated the neuromuscular recruitment and stabilizing control of the spine during 

these tasks (McGill, 1996).  The primary torso muscle groups recruited for generation of 

a flexion exertion during pushing tasks are the rectus abdominis and the external obliques 

(Lee et al., 1989; Andres and Chaffin, 1991).  However, if the paraspinal muscles are not 

recruited during trunk flexion exertions then the spine may become unstable under the 

loads imposed by the upper body mass and trunk flexor muscle forces (Crisco and 

Panjabi, 1992; Crisco et al., 1992; Kiefer A. et al., 1998).  Engineering control systems 

analyses (Appendix) of a multi-segment representation of the spinal column illustrates 

that inter-segmental actuators are necessary to achieve stabilizing control of the spine 

during flexion exertions.  Interpretation of this analysis suggests that paraspinal muscle 

recruitment is necessary during flexion exertions despite the fact these muscles are 

antagonistic to the flexion exertion.  Biomechanical analyses of applied forces and trunk 

postures during pushing tasks similarly concluded that stabilizing co-contraction should 

be expected (Granata and Bennett, 2004).  Although co-contraction during trunk 

extension exertions may be recruited to augment stability during trunk extension 

exertions (Granata and Orishimo, 2001) the theoretical analyses indicate that co-
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contraction must be greater during flexion exertions than during trunk extension 

exertions.   

Co-contraction during trunk flexion exertions was approximately twice the level 

of co-contraction during equivalent extension tasks.  Co-contraction was computed by 

comparing muscle forces from a published EMG-assisted model of the spine mechanics 

(Granata and Wilson, 2001) versus muscle forces estimated from a similar model that 

predicted the recruitment necessary to achieve equilibrium.  Note that muscles forces 

determined from EMG-assisted models include the effects of co-contraction (Granata and 

Marras, 1995b).   Muscle recruitment determined by methods of optimization are capable 

of predicting equilibrium muscle forces but overlook co-contraction (Collins J.J., 1995).  

Therefore, the difference between these results can be used as an estimate of co-

contraction.  Results represent co-contraction of the lumbar musculature but agree with 

similar analyses of the musculature surrounding the cervical spine (Choi, 2003).  In the 

current study the mean co-contraction was approximately 28% and 13% of the total 

muscle force during flexion and extension exertions respectively whereas Choi (2003) 

reported mean values of 35% and 12% for the cervical spine.  Thus, relative trends agree 

with published values while differences in absolute values might be explained by 

anthropometric differences between the lumbar and thoracic spine. 

Why compute co-contraction using a biomechanical model instead of direct 

comparison of EMG data between flexion and extension exertions?  When recording 

EMG activity during voluntary exertions the coactivity in antagonistic muscles can be 

determined by a priori characterization of muscle function (Granata et al., 2001; Granata 

and Orishimo, 2001).  However, when comparing results between different tasks and 
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moment directions, one must account for the fact that most muscles generate moments 

about more than one anatomic axis.  Therefore, biomechanical analyses are required to 

characterize muscle function as agonist, antagonist, and equipoise (Hughes et al., 1994).  

Moreover, when estimating trunk moment from EMG activity of rectus abdominis versus 

moment from EMG in the paraspinal muscles, one must consider the relative moment 

arm and size of these muscle groups with respect to the respective flexion and extension 

exertions.  Thus, it is reasonable to quantify co-contraction by means of a biomechanical 

model in order to gain insight into the role of neuromuscular recruitment during pushing, 

pulling and lifting tasks (Marras W.S. and Granata K.P., 1997).  Moreover, the 

assessments provide insight into the neuromuscular factors that contribute to spinal load 

during these exertions. 

Co-contraction contributes to spinal load but has been largely overlooked in 

analyses of pushing tasks.  Estimates of spinal load that neglect co-contraction may 

underestimate compression by as much as 45% during lifting tasks (Granata and Marras, 

1995b).  Nonetheless, estimates of spinal load during pushing tasks often neglect co-

contraction.  Chaffin and colleagues implemented a single-equivalent muscle model to 

estimate spinal loads associated with workplace pushing tasks (Lee et al., 1989; Resnick 

M.L. and Chaffin D.B., 1995; Andres and Chaffin, 1991).  Similar models were 

employed by Kumar (1994) and DeLooze (1995) whereas Schibye (2001) employed the 

Watback regression analyses to estimate spinal load.  Discussing their model of pushing, 

Lee (1989) noted that the �solution assumes that only one muscle at a time is active to 

stabilize the torso (i.e. no antagonism exists)� and that single equivalent models that 

ignore co-contraction �may not be appropriate for the estimation of muscle forces in the 
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lower back.�  Results from the current study illustrate that up to 46.7% of the spinal load 

during flexion exertions are attributable to co-contraction.  Consequently, spinal 

compression during the flexion tasks was nearly 50% greater than during extension 

exertions.  This is in contrast to published studies that report less spinal compression 

during pushing tasks than typically observed in lifting exertions (Schibye et al., 2001; 

deLooze M.P. et al., 1995).  In those studies the reduction in spinal load was attributed 

the fact that trunk moment magnitude during pushing tasks were small when compared to 

lifting tasks.  The protocol described in the current study examined flexion and extension 

exertions with similar trunk moment magnitude.  Therefore, we conclude that co-

contraction and associated spinal load during flexion exertions is greater than during 

similar trunk extension exertions.  However, further analyses are necessary to investigate 

the role of co-contraction during simulated workplace tasks involving pushing and 

pulling.  

Co-contraction and spinal load increased with exertion level.  It has been well 

established that primary agonist muscle activation, muscle force and spinal load increase 

with trunk moment (Schultz and Andersson, 1981).  This effect of task load was evident 

in the results wherein the spinal load attributable to equilibrium specific muscle forces, 

FEquil, increased significantly with exertion level.  However, co-contraction also increased 

with exertion effort in both flexion and extension.  During 100 N load conditions the 

mean co-contraction was 12% of the total muscle force whereas during 170 N load 

conditions the co-contraction was nearly 31% of the total muscle force.  This effect can 

be explained in part by equilibrium requirements.  Spinal compression from flexor 

muscle activity causes moments about the L5, L4 and L3 vertebrae that requiring 
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paraspinal recruitment to establish equilibrium.  Hence, increased flexor force requires 

greater LP co-contraction.  Unfortunately, this does not fully explain this effect because 

similar observations were reported in measures of EMG coactivity that increase with 

lumbar extension moment (Marras W.S. and Mirka, 1993; Song and Chung, 2004).  

Recent biomechanical analyses illustrate that co-contraction recruitment can be explained 

in part by spinal stability requirements (Granata and Orishimo, 2001; Cholewicki et al., 

1997).  Those theoretical stability analyses predict that antagonistic co-contraction should 

decline with increased trunk moment but published empirical measurements of stability 

document increased co-contraction with external load (Granata and Orishimo, 2001).  To 

describe this stabilizing control behavior nonlinear controllability models must be 

implemented.  Although further research is necessary to understand this behavior the 

results are consistent with published data but.  Results suggest that analyses of workplace 

pushing and pulling exertions must consider the role of exertion effort on the co-

contraction contributions to spinal load. 

Further research is necessary to quantify the stability of the spine.  During 

extension tasks the muscle recruitment directly contributes to spinal stability.  During 

flexion tasks augmented recruitment patterns are necessary to maintain spinal stability.  

Results may indicate greater risk of spinal instability from motor control error during 

trunk flexion tasks than during extension exertions (Granata and Bennett, 2004).  

However, data in this study did not quantify spinal stability.  Although insight can be 

achieved from motor control assessments of seated balance (Cholewicki et al., 2000) 

there are no existing quantitative measures of spinal stability.  To understand 

neuromuscular risk of low-back injury it will be necessary to develop quantitative 
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assessments of spinal stability.  Moreover, the analyses described here represent static 

exertions.  Further research is necessary to quantify the role of dynamic flexion tasks on 

muscle recruitment, spinal load and stability. 

In conclusion, co-contraction during isometric lumbar flexion exertions is greater 

than during extension exertions.  This has been attributed to spinal stability requirements.  

Results underscore the need to consider neuromuscular control of spinal stability when 

evaluating the biomechanical risks of trunk flexion and extension exertions. 
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3.6 Appendix 

 Controllability analyses can be used to determine whether specified actuators, fi, 

can successfully stabilize and control the associated system.  A two-dimensional model 

of the spine included four muscle actuators representing three muscle slips of the lumbar 

paraspinal muscles, f1, f2, f3, and a fourth actuator representing the rectus abdominis, f4 

(Figure 2).  Muscle origins and insertions were assigned to vector locations pi and di 

respectively for muscles fi, where i=1..4.  The spine was represented as two-segment 

inverted pendulum.  The controllability analysis was limited to a sagittal plane 

representation of dynamics whereas the biomechanical model for co-contraction (see 

Methods) employed three-dimensional analyses.  The controllability analysis also ignored 

the internal oblique and external oblique muscles.  However, the system can be expanded 

to demonstrate similar results if these muscle groups are included in a 3-D model. 

System dynamics were determined by Lagrange analyses with arbitrary values of 

segment mass, m1 and m2, and center of mass.  The torso mass was included with the 

mass and center of mass of the second (upper) segment.  The equations of dynamics 

result in a set of two simultaneous equations of motion including segment angle, θ1, θ2, 

angular velocity, 21,θθ && , and angular acceleration 21,θθ &&&& .   
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),( 21 θθM  represents a 2-by-2 matrix of inertia that was is a function of equilibrium 

geometry, θ1, θ2.  Bold characters represent matrices.  Values C(θ1,θ2) , FExt(θ1,θ2) and 

G(θ1,θ2) represented the 2-by-2 matrix of velocity coefficients, the 2-by-1 external force 

vector, and the 2-by-1 gravity vector.  Actuation torques Qθ1(θj,fi)  and Qθ2(θj,fi) were 

expressed as a product of the moment-arm matrix Q(θ1,θ2) and the vector of actuator 

(muscle) forces, T]fff[ff 4321=
r

. 

The second-order equations of dynamics were linearized about the equilibrium 

posture, θ1, θ2, and expressed as a first-order state space equation (A3) with respect to the 

state vector },,,{ 2211 θθθθ &&r=x .  This state-space representation included actuation forces, 

ko fff
vvv

+= , with components of both equilibrium forces, f0 and perturbation forces, fk. 

 
 fF

vvv&v ⋅++⋅= BA xx  (A3) 
    

where A = -M-1·G and B = M-1·Q are 4-by-4 matrices.  The linearization process 

eliminated the velocity coefficient matrix C(θ1,θ2), and reveals an equilibrium constant 

( )Ext
1.F FM−−=

v
 that must be balanced by the actuation equilibrium moment, i.e. 

Ff
vr

−=⋅ oB . 

The system is controllable if Rank(Cm) = 4, where Cm is known as the 

controllability matrix Cm = [B, A·B, A2·B, A3·B].   No assumptions regarding muscle 

models were required other than the fact that muscles can generate force and that the 

muscles can establish equilibrium.  If one assumes the perturbation forces, fk, is 
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proportional to the system state, xr , i.e. muscle force due to stiffness and damping, 

xk
vv

⋅= Kf , then the dynamic response about the equilibrium state can be expressed as  

 
 [ ] xx v&v ⋅⋅+= KBA  (A4) 
 
The system is stable if the real component of all eigenvalues of [A + B·K] are less than 

zero.  Three cases of control behavior will be evaluated. 

 

Case 1: Flexion exertion utilizing only abdominal muscle group f4 
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where g is the gravitational constant, g=9.8 m/sec.  Note that the first three columns of B 

are zero.  This represents the condition wherein the paraspinal muscles, f1, f2, and f3 are 

zero.  B has been represented symbolically as its entries are long and complicated.  

Nonetheless, from the form of these matrices it is clear that Rank(Cm) ≤ 2.  Therefore, 

this system is not controllable and subsequently not stabilizable.  Hence, without 

paraspinal muscle co-contraction multi-segment spine cannot be stabilized during a 

flexion exertion. 

 

Case 2: Flexion exertion utilizing abdominal muscle group f4 and lumbar paraspinal 

muscles f1.  The A matrix is identical to case 1 above, but the B matrix includes nonzero 

elements in column 1 to permit actuation of f1. 
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For physiological values, Rank(Cm) = 4 thereby demonstrating that the system is 

controllable only if antagonistic muscle co-contraction in the paraspinal muscles are 

recruited.   

 

Case 3: Extension exertion utilizing paraspinal muscle groups f1 and f2 with no 

abdominal muscle activation.  The A matrix is identical to case 1 above, but the B matrix 

includes nonzero elements in columns 1 and 2 to permit actuation of f1 and f2 
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For physiological values Rank(Cm) = 4, thereby demonstrating that the system is 

controllable despite the fact that co-contraction of the flexor muscles is prohibited in this 

scenario.  Optimized actuator performance can be achieved by permitting recruitment of 

f3.  However, to be stable the eigenvalues of [A + B·K] must be less than zero, thereby 

requiring sufficiently large values of K.  With the implementation of a muscle model, it is 

possible to increase muscle stiffness by increasing muscle force; thus, the above K found 

for stability can be achieved through increasing muscle force.   In order to maintain the 

equilibrium posture antagonist groups must also activate to balance this increase in 

extensor moment.  Previous analyses (Granata and Orishimo, 2001; Cholewicki et al., 
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1997; Gardner-Morse and Stokes, 1998) illustrate that if K is insufficiently large, then 

antagonistic co-contraction in the flexor muscles can be used to augment the extensor 

muscle stiffness and contribute to the system stability.  Therefore, co-contraction during 

trunk extension exertions may be recruited to augment stability.  Conversely, co-

contraction during trunk flexion exertions must be recruited for stability. 

This analysis requires perturbation muscle forces, fk, that can achieve both 

positive and negative values with respect to equilibrium forcer f0.  In so far as f0 is greater 

than zero, this criteria is physiologically valid.  Specifically, the biomechanical 

impedance of active muscle permits the muscle force to become greater than the 

equilibrium force value when stretched or to be less then the baseline equilibrium force 

when shortened.  Although these analyses demonstrate controllability, if one wishes to 

accurately predict specific values of active muscle force and co-contraction then 

nonlinear muscle models and nonlinear control analyses must be implemented.  

Nonetheless, the analyses demonstrate that co-contraction is necessary during trunk 

flexion exertions and suggests the co-contraction during flexion exertions must be greater 

than co-contraction during extension exertions. 
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3.8 Figures and Tables 
 
Figure 3.1. Experimental setup.  The external load acts anteriorly on the subject during an 

extension exertion trial in position shown.  During a flexion exertion trial the 
subject was rotated 180° from the shown position so the external load acted 
posteriorly on the subject.  EMG data were collected on four muscle groups at 
steady-state preload.  Subjects were securely strapped into a rigid pelvic 
support structure to isolate movement of the trunk for all trials. 

 
Figure 3.2. Schematic representation of trunk musculature used to quantify trunk co-

contraction during trunk flexion and extension.  For clarity, the external 
obliques and internal obliques muscles have been omitted but were included 
in the computational analysis. 

 
Figure 3.3. Co-contraction levels were significantly greater during flexion exertions (p < 

0.01).  Co-contraction levels were significantly greater with respect to load 
(p<0.01).  There was no significant interaction between load direction and 
load (p = 0.783). 

 
Table 3.1.  Model predicted spinal compression (N) from total muscle forces, task muscle 

forces, and co-contraction during all three load levels.  The effect of load level 
(p > 0.05) and load direction (p > 0.05) were both statistically significant on 
spinal compression.  Measured moment were not significantly (p < 0.712) 
with respect to load direction.  Measured moment was significantly (p < 0.05) 
different with respect to load level. 
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Figure 3.1. Experimental setup.  The external load acts anteriorly on the subject during an 
extension exertion trial in position shown.  During a flexion exertion trial the subject was 
rotated 180° from the shown position so the external load acted posteriorly on the subject.  
EMG data were collected on four muscle groups at steady-state preload.  Subjects were 
securely strapped into a rigid pelvic support structure to isolate movement of the trunk for 
all trials. 
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Figure 3.2. Schematic representation of trunk musculature used to quantify trunk co-
contraction during trunk flexion and extension.  For clarity, the external obliques and 
internal obliques muscles have been omitted but were included in the computational 
analysis. 
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Figure 3.3. Co-contraction levels were significantly greater during flexion exertions (p < 
0.01).  Co-contraction levels were significantly greater with respect to load (p < 0.01).  
There was no significant interaction between load direction and load (p = 0.783). 
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Table 3.1.  Model predicted spinal compression (N) from total muscle forces, task muscle 
forces, and co-contraction during all three load levels.  The effect of load level (p > 0.05) 
and load direction (p > 0.05) were both statistically significant on spinal compression.  
Measured moment were not significantly (p < 0.712) with respect to load direction.  
Measured moment was significantly (p < 0.05) different with respect to load level 
 
  Load Level (N) 
  100 135 170 
Spinal Compression (N)    
Flexion    
Compression from total muscle force 995 ± 162 1501 ± 215 2066 ±  352 
Compression from task muscle force 769.6 ± 75 1039.8 ± 95  1312 ± 165 
Compression from co-contraction 225.4 ± 98 461.2 ± 151 754 ± 210 
    
Extension    
Compression from total muscle force 675 ± 108 1028 ± 165 1407 ± 230 
Compression from task muscle force 619.1 ± 99 912.8 ± 153 1131.4 ± 270 
Compression from co-contraction 55.9 ± 23 115.2 ± 41 275.6 ± 37 
    
Measured Moment (Nm)    
Flexion 57.3 ± 4.3 68.9 ± 5.2 82.3 ± 9.5 
Extension 55.1 ± 5.4 70.9 ± 6.3 79.21 ± 9.1 
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CHAPTER 4 

ACTIVE TRUNK STIFFNESS INCREASES WITH CO-CONTRACTION 
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Abstract 

 

Trunk dynamics, including stiffness, mass and damping were quantified during 

trunk extension exertions with and without voluntary recruitment of antagonistic co-

contraction.  The objective of this study was to empirically evaluate the influence of co-

activation on trunk stiffness.  Muscle activity associated with voluntary co-contraction 

has been shown to increase joint stiffness in the ankle and elbow.  Although 

biomechanical models assume coactive recruitment causes increase trunk stiffness it has 

never been empirically demonstrated.  Small trunk displacements invoked by 

pseudorandom force disturbances during trunk extension exertions were recorded from 

seventeen subjects at two co-contraction conditions (minimal and maximal voluntary co-

contraction recruitment).  EMG data were recorded from eight trunk muscles as a 

baseline measure of co-activation.  Increased EMG activity confirms that muscle 

recruitment patterns were different between the two co-contraction conditions.  Trunk 

stiffness was determined from impulse response functions (IRFs) analyses of trunk 

dynamics wherein the kinematics were represented as a second order behavior.  Trunk 

stiffness increased 37.8% (p < 0.004) from minimal to maximal co-activation.  Results 

support the assumption used in published models of spine biomechanics that recruitment 

of trunk muscle co-contraction increases trunk stiffness thereby supporting conclusions 

from those models that co-contraction contributes to spinal stability. 
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4.1 Introduction 

 Muscle stiffness increases with muscle activation as a result of the increased 

number of activated cross-bridges [25].  Muscle activation has been shown to increase 

joint stiffness in the elbow [1,32], the ankle [19], and the trunk [27,28].  With co-

contraction the activity of the agonist and antagonist muscles increase thereby causing 

increased joint stiffness [17].  Although biomechanical models of the spine have assumed 

that recruitment of antagonistic co-contraction causes increased trunk stiffness [8,13] in it 

has never been empirically demonstrated in the trunk [9].   

 Trunk stiffness is an important contributor to spinal stability.  Stability describes 

the ability to maintain equilibrium despite the presence of kinematic and/or control 

disturbances.  Although passive tissues contribute to trunk stiffness, the ligamentous 

spine without active muscular support is unstable [6], therefore trunk stiffness is 

primarily associated with active muscles of the torso musculature[7].  Research concludes 

that paraspinal muscle reflexes also contribute to apparent stiffness of a joint by 

responding to perturbation movements and associated muscle strain with proportional 

muscle activation [5,14].  The stiffness data reported in the current study is the combined 

behavior of the active intrinsic muscle stiffness and the reflex response.  This is referred 

to as the �effective stiffness� [4].  Effective stiffness can be accurately measured using 

small amplitude pseudo-random force disturbances and resulting trunk movement [27]. 

 Empirical measurements demonstrate that trunk stiffness increases with exertion 

effort and associated muscle activity [4,27].    Clearly recruitment of antagonistic co-

contraction must cause an increase in trunk muscle activation of both the antagonist and 

agonist muscle groups [12].  Therefore, we hypothesize that active trunk stiffness must 
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increase with co-activation of the torso musculature due to the associated increase in 

recruitment.  The specific aim of the project was to evaluate trunk dynamics, specifically 

stiffness, using systems identification analyses from data recorded during trunk extension 

exertions with minimal and maximal voluntary co-contraction recruitment. 

 

4.2 Methods 

4.2.1 Experiment 

Seventeen subjects with no previous history of LBP participated after signing 

informed consent approved by the institutional review board at Virginia Tech.  The mean 

(standard deviation) height and mass of the subjects were 175.5 (12.0) cm and 74.3 (14.2) 

kg respectively.   

The experiment consisted of an assessment of trunk stiffness at two recruitment 

conditions (minimal and maximal voluntary co-contraction) while maintaining constant 

trunk extension exertions.  Subjects were attached to a servomotor (Pacific Scientific, 

Rockford, IL) via a harness and cable system such that anteriorly directed horizontal 

loads were applied at the T10 level of the trunk (Figure 4.1).  The servomotor applied 

constant isotonic preloads, which the subject was instructed to resist by maintaining an 

upright posture.  Isotonic loads included 15% and 30% of the subject�s maximum 

voluntary exertion (MVE).  MVE force was measured in isometric trunk extension prior 

to the experiment.  Subjects were instructed to maximally recruit their trunk flexor 

muscles as antagonists during maximum co-contraction trials while maintaining an 

upright posture against the preload.  During minimum co-contraction trials subjects were 
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instructed to relax their trunk flexor muscles while maintaining an upright posture.  

Recruitment and preload conditions were presented in random order.   

During the exertions pseudorandom binary (PRB) perturbations of ±70 N were 

superimposed on the force preload and were measured with a force transducer (Omega, 

Stamford, CT) attached to the motor.  The force perturbations produced small flexion and 

extension movements of the trunk that were recorded with electromagnetic position 

sensors (Ascension Technology Corp., Burlington, VT).  Two six degree-of-freedom 

position sensors were taped to the skin over the spinous process at S1 and T10 and 

sampled at 100 Hz.  Two trials with duration of twenty seconds were performed in each 

condition.  Subjects were instructed to maintain the desired co-contraction effort 

throughout the trial.   Fatigue was minimized by experimental design of low exertion 

levels, i.e. 15% and 30% MVC and also by requiring at least one minute rest between 

each trial.   

EMG data were collected during each trial to document coactive recruitment.  

EMG signals were collected from bipolar surface electrodes (Delsys, Boston, MA) on the 

left and right rectus abdominus (RA), lumbar paraspinal (LP), internal oblique (IO), and 

external oblique (EO) as described in Granata [11].  All EMG data were band-pass 

filtered in hardware between 20 and 450 Hz and sampled at 1000 Hz.  The EMG signals 

were rectified and filtered using a 15 Hz, low-pass, seventh-order Butterworth filter.  

EMG were normalized to their corresponding peak EMG values recorded during 

maximum isometric flexion, extension, and lateral twisting exertions.  Reported EMG 

recruitment data represents the average isometric baseline value from the first 250 ms of 

recorded data i.e. during steady state preload and prior to perturbations.  All trunk 
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extension exertions were sagitally symmetric.  Preliminary results indicated that there 

was no significant difference between left and right muscles within each muscle group.  

Therefore reported muscle recruitment is the average of the left and right muscle of each 

of the four muscle groups.   

 

4.2.2 Analysis 

Prior to system identification, data were processed to ensure accurate calculation 

of trunk stiffness.  Force and displacement signals were filtered using a 75 Hz, low-pass, 

seventh-order Butterworth filter (Matlab, Natick, MA).  Both signals were treated with 

the same filter to avoid phase shift discrepancy from data processing.  The data signals 

were demeaned prior to analysis to properly estimate the correlation functions [2].  

Published techniques illustrate that adding white noise to the input signal reduces the 

effect of system noise by decorrelating the extraneous noise and data sampling from the 

input signal [24].  The magnitude of white noise added was 30% of one standard 

deviation of the input trunk force. 

To quantify trunk stiffness, a nonparametric impulse response function (IRF) was 

estimated using the method of Moorhouse and Granata [27].  The IRF represents the 

transfer function relating the pseudorandom force input disturbance, x(t), to the T10 

displacement output, ymeas.  IRFs were determined from the matrix solution relating the 

force autocorrelation function and the force/displacement cross-correlation function 

[20,27].  This can be written mathematically as: 

                                                            xyxx CC
t

IRF 11 −

∆
=                                                 (4.1)  
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where Cxx is the input (force) autocorrelation, Cxy, is the input/output (force/position) 

cross-correlation, and ∆t is the sample period.  To measure the quality of the IRF 

estimate, it was convolved with the measured pseudorandom force sequence, x(t), to 

produce an estimate of the trunk displacement, yest.  The equivalence between the 

predicted and observed displacements (Figure 4.2) was measured in terms of the 

percentage of displacement variance accounted for (VAF), defined as 
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VAF equal to 100% indicates the IRF exactly predicts the measured trunk displacement 

signal from the input force perturbations. 

Inspection of the IRF shapes revealed that dynamics appeared similar to a second-

order, underdamped system exhibiting one oscillation (Figure 4.2).  Therefore the 

nonparametric IRFs were subsequently parameterized by determining the coefficients of 

the second-order system which provided the best least-squares fit to the IRF.  The 

compliance model had the form of:  

                                    
kbsms

sH
++

= 2

1)(                                                       (4.3) 

where m is the effective trunk mass, b is the effective trunk damping, and k is the 

effective trunk stiffness.  The quality of the second-order fit compared with the 

nonparametric IRF was calculated as a percentage and referred to as model accuracy. 
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4.2.3 Statistical Analysis 

 Repeated measures statistical analysis, ANOVA, was performed to determine the 

effect of co-activation condition and preload on trunk stiffness and recorded muscle 

recruitment.  Significance was determined at the level of α < 0.05.  Tukey honest-

significant difference (HSD) post-hoc analyses were used to compare differences among 

significant treatments. 

 

 

4.3 Results 

Antagonistic muscle recruitment was successfully achieved as evidenced by 

significantly increased flexor muscle activity (Figure 4.3).  During the maximum co-

contraction conditions the RA EMG activity was greater than the minimum co-

contraction conditions by 12.5% (p < 0.005).  Similarly, EO increased by 19.4 % (p < 

0.02) and IO recruitment increased 7.5% (p < 0.04) with co-contraction recruitment.  

Likewise, LP demonstrated a trend toward increased EMG activity during the maximum 

co-contraction conditions but failed to reach statistical significance (p = 0.248).  As 

expected, baseline extensor muscle activity increased significantly with preload.  During 

the 30% MVC trials the LP activity was 27.5% (p < 0.03) greater than during the 15% 

MVC exertions.  Similarly, IO increased 11.9% (p < 0.01) with preload.  Muscle 

recruitment in the flexor muscles did statistically change with respect to preload. 

IRFs accurately predicted the active trunk kinematic response as evidenced by 

mean VAF of 79.4 (13.0) %.  It is clear by inspection (Figure 4.2) that the second-order 

model provides an excellent description of the linear trunk dynamics.  This was validated 
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numerically by determining the second-order model accuracy with a mean of 95.2 (3.6) 

%.  Therefore, the analysis accurately represented trunk dynamics. 

Trunk stiffness increased 37.8% (p < 0.004) with co-contraction recruitment 

(Table 4.1).  Trunk stiffness increased 18.4% (p < 0.002) with preload effort.  There was 

a significant (p < 0.03) interaction between co-contraction and preload conditions.  

Within the 15% MVE preload condition the trunk stiffness increased by 56.0% (p < 

0.0002) with co-contraction recruitment.  Co-contraction was associated with a 24.3% 

increase (p < 0.001) in trunk stiffness within the 30% MVE preload condition.  Within 

the minimal co-contraction condition stiffness increased 35.1% with preload (p < 0.01).  

Conversely, preload did not affect stiffness within the maximal co-contraction conditions 

(p = 0.33).  This was attributed to the fact that measured activity of the LP muscle group 

significantly (p < 0.05) increased with preload during minimum co-contraction.  

Measured activity of the LP muscle group was not significantly (p = 0.128) different with 

respect to preload during maximum co-contraction. 

Mean effective mass was 47.8 (18.7) kg.  Effective mass increased 22.3% with 

preload effort (p <0.03) but was not statistically affected by co-contraction recruitment.  

Mean effective damping was 15.4 (4.2) N-m-s/rad and increased 21% with preload (p < 

0.0001).  Effective damping did not change with co-activation condition.  Calculating the 

damping ratio, 
mk
b

2
=ζ  yields a mean value of 0.575 (0.154).  Damping ratio did not 

change with preload effort, but increased 19.2% with co-activation (p < 0.007). 
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4.4 Discussion 

 Voluntary recruitment of co-contraction in the ankle musculature has been 

associated with an increase in muscle recruitment of both agonist and antagonist muscle 

in order to maintain a neutral posture [12,17].  Recognizing that increased muscle activity 

is associated with greater joint stiffness [22] the co-contraction recruitment about the 

ankle [17] and elbow[23] was also associated with an increase in joint stiffness   In the 

trunk, antagonistic co-contraction recruitment in the abdominal musculature generates 

trunk flexion moment that must be offset by increased activity in extensor muscles to 

maintain an upright posture.  Therefore, results demonstrated increased activity in both 

trunk flexor and extensor muscle groups during when recruiting voluntary co-contraction 

of the flexor muscles during trunk extension exertions. Trunk stiffness was quantified as 

a function of co-contraction effort with results demonstrating that trunk stiffness is 

greater when antagonistic co-contraction is recruited.  Therefore, this study empirically 

validates the assumption used in published models of spine biomechanics that co-

contraction influences trunk stiffness [9].   

Increased extension exertion has been shown to increase trunk stiffness 

presumably due to increased activity and stiffness in the trunk extensor muscles [27].  

This effect was confirmed in the current study.  Increased preload efforts were associated 

with increased LP and IO muscle activity as well as significantly increased trunk 

stiffness.  The extent to which the change in trunk stiffness can be attributed to the 

increased activity in the extensor muscles versus the increased activity in the flexor 

muscles should be addressed in future research.  Significant interaction between 

recruitment condition and preload level indicates that the potential influence of co-
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contraction recruitment is modulated by trunk extension force.  At high preload levels 

there is a limit to the available increase in extensor muscle activity.  Recognizing that 

extensor muscle activity must increase commensurate with antagonistic recruitment to 

balance the trunk moment, this limits the upper bound of antagonistic co-contraction.  

Moreover, inhibitory neural pathways have been identified between agonist-antagonist 

muscle pairs in many joints [29,30] that may limit antagonistic co-contraction recruitment 

with increase extension effort.  Results from the measured EMG support this mechanism.  

The increase in LP activity associated with preload was less during the maximum co-

contraction condition then during the minimum co-contraction condition.  Hence the 

ability to voluntarily modulate trunk stiffness is influenced by preload effort. 

 Anthropometric data tables suggest that trunk mass is approximately 55% of total 

body mass [3].  The mean effective mass recorded from the measurement protocol was 

64.3% of total mass.  Trunk mass should be independent of joint torque [10,19] and 

therefore independent of co-activation and preload.  Results indicated that co-activation 

did not influence effective mass.  However preload level significantly increased effective 

mass.  Effective mass was close to 55% of body mass at the lower preload but was 

significantly greater at the higher preload.  Results suggesting significant changes in 

effective mass with exertion effort are unexpected.  Gardner-Morse and Stokes [31] 

observed similar effects and concluded that the mass coefficient may not fully describe 

the inertial effects of the flexible trunk.  In a linear second order dynamic model the 

effective mass parameter represents a mass being rotated about a constant center of 

rotation (COR).  Our analysis makes no assumption about the location of the COR but it 

assumes the location is constant. We are unaware of any study to determine whether the 
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instantaneous COR of the lumbar spine changes with extension effort.  Results suggest 

the COR in the sagittal plane of the trunk may be a function of extension effort.  If COR 

moves caudally with increased trunk extension effort, then trunk dynamics will 

demonstrate greater effective driving point mass due to the decreased moment arm from 

the COR to the center of mass.  Further research is necessary to understand this 

phenomenon.  Fortunately the analyses were capable of solving separately for effective 

mass and stiffness, therefore our concerns regarding mass should not influence stiffness 

results. 

 An increase in effective damping was to be expected [15,16,27].  Joint stiffness 

and joint damping tend to increase in such a way as to maintain a constant damping ratio 

[22].  Our results were consistent with the literature in this regard, i.e. damping ratio was 

independent of preload effort.  The joint dynamics described above, such as the constant 

damping ratio, are technically valid only for exertions without co-contraction [22].  

However, results show that damping ratio increased with co-contraction.  Hunter and 

Kearney [22] acknowledge that coactive recruitemnt can change joint dynamics and 

observed this effect in the ankle [18].  The ability to voluntarily modulate trunk dynamics 

by means of stiffness and damping ratio provides robust neuromuscular control 

throughout a variety of dynamic loading conditions.   

 Results must be considered in light of methodological limitations.  The constant 

perturbation force used in the current study may cause different magnitudes of motion 

response between different subjects and preload conditions.  The small angle kinematic 

response to the force perturbations is influenced by the mass and stiffness of the system.  

Hence, anthropometry and preload effort may influence the muscular reflex response and 
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its associated contribution to effective stiffness.  It is suggested that instead of using force 

perturbations, future research should investigate stochastic position perturbations.  Trunk 

stiffness results include the effects from both intrinsic muscle stiffness and reflex 

contributions to trunk dynamics.  Improved analysis techniques should be applied to 

separate trunk stiffness into its intrinsic and reflexive components [21].   

 This study confirms that torso dynamics are influenced by recruitment co-

contraction.  Accurate estimates of joint dynamics parameters must therefore include 

effects of coactive recruitment.  Biomechanical models of spinal stability suggest that 

antagonistic co-contraction can be used to augment stability by increasing the net bending 

stiffening of the spinal column[8,13,26].  Our empirical measurements support those 

conclusions by demonstrating that antagonistic co-contraction can be used to augment 

trunk stiffness.  Existing stability models of the spine are typically limited to static 

stability analyses.  Current results suggest damping ratio of trunk dynamics can be 

modulated voluntarily.  Thus, future analyses should investigate the voluntary control of 

dynamic biomechanical stability of the lumbar spine. 
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4.7 Figures and Tables 

Figure 4.1. Experimental setup.  Force perturbations in a pseudo-random fashion 
superimposed on isotonic loads were applied to subjects to elicit small trunk 
movement during two co-activation conditions (maximal and minimal 
voluntary recruitment of flexor muscles).  Subjects were securely strapped 
into a rigid pelvic support structure to isolate movement of the trunk for all 
trials.   

 
Figure 4.2. IRFs relating trunk displacement to the applied trunk force during maximal 

and minimal co-activation and the superimposed second-order least-mean-
squares fit.  This clearly illustrates that a linear second-order model can 
accurately describe the trunk dynamics.  Conditions represent maximum co-
activation (a) and minimum co-activation (b) and demonstrate differences in 
trunk stiffness.   

 
 
Figure 4.3. Comparison of EMG activity with co-activation.  Muscle activity in the rectus 

abdominus (RA), external oblique (EO), and internal oblique (IO) increased 
significantly (p < 0.05) during maximum co-activation as denoted with *.  

 
Table 4.1. Trunk stiffness during active voluntary exertions. 
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Figure 4.1.  Experimental setup.  Force perturbations in a pseudo-random fashion 
superimposed on isotonic loads were applied to subjects to elicit small trunk movement 
during two co-activation conditions (maximal and minimal voluntary recruitment of 
flexor muscles).  Subjects were securely strapped into a rigid pelvic support structure to 
isolate movement of the trunk for all trials.   
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Figure 4.2.  IRFs relating trunk displacement to the applied trunk force during maximal 
and minimal co-activation and the superimposed second-order least-mean-squares fit.  
This clearly illustrates that a linear second-order model can accurately describe the trunk 
dynamics.  Conditions represent maximum co-activation (a) and minimum co-activation 
(b) and demonstrate differences in trunk stiffness.   
 
 
 

(a) (b) 
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Figure 4.3.  Comparison of EMG activity with co-activation.  Muscle activity in the 
rectus abdominus (RA), external oblique (EO), and internal oblique (IO) increased 
significantly (p < 0.05) during maximum co-activation as denoted with *.  
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Table 4.1. Trunk Stiffness during active voluntary exertions
15 % of MVE 30 % of MVE Average

Stiffness (N/mm)
Maximum Co-activation 4.87 (1.81)b 5.24 (1.98)b 5.05 (1.87)a

Minimum Co-activation 3.12 (1.12)b d 4.22 (1.66)b d 3.67 (1.50)a

Average 3.99 (1.72)c 4.73 (1.88)c 4.36 (1.83)
Mean (standard deviation) of stiffness.  Results show main effects for two-
way interactions on stiffness.
        a Signficant main effect for co-activation p < 0.05.
        b Significant effect of co-activation within preload level p < 0.05.
        c Signficant main effect for preload p < 0.05.
        d Signficant effect of preload within co-activation condition p < 0.05.
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CHAPTER 5 

ACTIVE TRUNK STIFFNESS DURING VOLUNTARY ISOMETRIC 

FLEXION AND EXTENSION EXERTIONS 
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Abstract 

 Co-contraction has been shown to be twice as higher during isometric trunk 

flexion compared to extension.  Co-contraction is also associated with higher 

biomechanical stiffness.  Conversely, past studies have not found a statistical difference 

between trunk stiffness in flexion and extension exertions.  The goal of this study was to 

investigate this paradox.  Twelve subjects maintained an upright trunk posture against an 

external flexion or extension load applied to the trunk.  Pseudo-random stochastic force 

sequences were superimposed on the isotonic preloads causing small amplitude trunk 

movements.  Nonparametric impulse response functions (IRFs) of trunk dynamics were 

computed and revealed that the system exhibited underdamped second-order behavior.  

Second order dynamics were determined by calculating the best least-squares fit to the 

IRF.  Trunk stiffness was significantly greater (p < 0.05) during flexion exertions 

compared to extension exertions.  EMG data were recorded from left and right rectus 

abdominus (RA), external obliques (EO), lumbar paraspinal (LP), and internal oblique 

(IO) to quantify co-contraction associated with trunk stiffness.  EMG was greater in both 

agonist and antagonist muscle during flexion exertions.  Results suggest the co-

contraction associated with trunk flexion exertions is associated with increased trunk 

stiffness compared to extension exertions.  Trunk stiffness and recruitment were 

attributed to neuromuscular control of spinal stability.  Future studies need to consider 

neuromuscular control of spinal stability when evaluating the biomechanical risks of 

trunk flexion and extension exertions. 
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5.1 Introduction 

During pushing tasks or flexion exertions the lumbar paraspinal (LP) and posterior 

internal oblique (IO) muscles provide little mechanical potential for the generation of 

torso flexion moment [2,23].  They are therefore considered antagonistic with respect to 

the flexion exertion.  However, co-contraction of the lumbar paraspinal muscles during 

pushing exertions may be necessary to augment spinal stability [7,12].  The ligamentous 

spine without active muscular support is unstable at compressive loads greater than 88 N 

[8] yet compressive forces on the spine can exceed 3400 N during lifting tasks [15] and 

1400 N during pushing tasks [29].  Although passive tissues contribute to trunk stiffness, 

in upright postures the passive tissue contribution is small so trunk dynamics are 

primarily associated with stiffness of active muscles [10,27,28].  Active stiffness of the 

torso musculature acts to return the spine to an equilibrium state following a kinematic 

disturbance thereby contributing to spinal stability.  Therefore, theoretical analyses 

suggest that co-contraction in the LP muscles must be recruited during trunk flexion 

exertions to maintain lumbar spine stability [16].  Empirical measurements support this 

assertion, demonstrating that co-contraction during flexion exertions is twice the co-

contraction during trunk extension exertions [4,14].  Recognizing that co-contraction 

contributes to stiffness [6,11,17], the trunk stiffness should be greater during flexion 

exertions than during extension exertions.  This is contrary to past investigations which 

have found no difference in trunk stiffness between flexion and extension exertions 

[6,11].  Therefore, the goal of this study was to investigate this paradox by experimental 

measurement of trunk stiffness during voluntary trunk flexion and extension exertions 

using high-bandwidth, stochastic measurement of torso dynamics. 
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Measurements of trunk stiffness during active voluntary flexion and extension 

exertions have been reported using various perturbation methods.  Cholewicki [6] used a 

linear second-order model to estimate stiffness from trunk movement subsequent to a 

sudden change in equilibrium force.  They reported no significant difference in trunk 

stiffness during flexion exertions compared to extension exertions.  However, linear 

second-order estimates of trunk dynamics are applicable only for small disturbances 

about a constant equilibrium moment.  Since there was a large change in trunk moment, 

equilibrium was different before and after the disturbance making it difficult to 

differentiate between effects of equilibrium and stiffness.  To avoid a change in 

equilibrium moment Gardner-Morse and Stokes [11] applied single-period, sinusoidal 

force perturbations while subjects maintain steady-state voluntary trunk flexion and 

extension efforts.  No differences in stiffness between flexion and extension exertions 

were reported.  Moorhouse and Granata [26] used systems identification analyses to 

estimate trunk stiffness from small amplitude pseudo-random force disturbances and 

resulting trunk movement.  The advantages of this approach are that pseudo-random 

stochastic inputs avoid problems with voluntary responses due to predictable stimuli [21], 

it allows steady-state equilibrium during the measurement protocol, and the perturbations 

apply a flat disturbance bandwidth from 0-10 Hz [26].  Although internal validity 

measures indicate accurate representation of trunk dynamics, only trunk extension 

exertions were examined.  Comparison of trunk stiffness during voluntary flexion and 

extension exertions require further measurements. 

We hypothesize that trunk stiffness during steady-state trunk flexion exertions must 

be greater than trunk stiffness during equivalent trunk extension exertions.  We attribute 
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this difference to the increased levels of co-contraction during flexion exertions with 

respect to co-contraction levels observed during extension tasks [14].  The specific aim of 

the project was to evaluate trunk dynamics, including mass, damping and stiffness using 

systems identification analyses from data recorded during flexion and extension 

exertions. 

 

5.2 Methods 

5.2.1 Experiment   

 Twelve subjects with no history of low back disorders (LBDs) voluntarily 

participated in this experiment.  Mean (±standard deviation) subject mass and stature was 

71.4 ±21.3 kg and 175.1 ±9.8 cm. respectively.  Before participation, all subjects signed 

informed consent approved by the Virginia Tech human subjects review board. 

The protocol required subjects to maintain an upright trunk posture against an 

external flexion or extension load applied to the trunk.  Subjects were secured to a pelvic 

restraint frame designed to restrict the motion of the pelvis and lower body while in a 

standing posture (Figure 5.1).  A chest harness and cable system attached the subject to a 

servomotor (Pacific Scientific, Rockford, IL) such that cable tension applied external 

loads at the T10 level of the trunk.  The motor applied isotonic loads of 100, 135, and 170 

N.  To generate trunk extension exertions the subjects faced the motor such that the cable 

tension applied a horizontal flexion force.  To generate trunk flexion exertions the 

subjects faced away from the motor such that the cable tension applied a horizontal 

extension force.  Superimposed on the external load were force perturbations of ±30 N 
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applied in a pseudo-random stochastic fashion with a flat bandwidth from 0-10 Hz.  

Three pseudorandom perturbation trials of ten seconds each were performed during both 

flexion and extension exertions and at each exertion force level for a total of eighteen 

trials per subject presented in random order.   

The applied forces were measured by a force transducer (Omega, Stamford, CT) 

attached to the shaft of the motor and sampled at 1000 Hz.  The small amplitude dynamic 

trunk movement was recorded using two OPTOTRAK infrared emitting diodes (Northern 

Digital, Waterloo, Ontario, Canada).  Sensors were taped to the skin surface over the 

spinous process at the S1 and T10 level of the trunk and were recorded at 200 Hz using a 

16 channel A/D converter (Northern Digital, Ontario, Canada).  EMG data were collected 

from bipolar surface electrodes (Delsys, Boston, MA) on the left and right rectus 

abdomini (RA), LP, internal oblique (IO), and external oblique (EO) as described in 

Granata [15].  Briefly, electrodes for the RA were placed 3 cm lateral and 2 cm superior 

to the umbilicus; LP 4 cm lateral to the L3 spinous process; posterior IO 8 cm lateral to 

the midline within the lumbar triangle at a 450; and EO 10 cm lateral to the umbilicus 

with an orientation of 450 to vertical.  All EMG data were band-pass filtered in hardware 

between 20 and 500 Hz and sampled at 1000 Hz.  The EMG signals were rectified and 

filtered using a 25 Hz, low-pass, seventh-order Butterworth filter (Matlab, Natick, MA).  

EMG signals from each muscle were normalized to their corresponding peak EMG value 

recorded during maximum isometric flexion, extension, left and right-lateral twisting.  

Mean baseline EMG was recorded during the isometric exertions in a 250 msec period 

prior to initiation of the force perturbations.  Reported muscle activity is the average of 

the left and right muscle of each of the four muscle groups because preliminary results 
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indicated that there was no significant difference between left and right muscle activity 

within each condition.   

 

5.2.2 Analysis 

To quantify trunk stiffness, the nonparametric compliance impulse response 

function (IRF) was estimated.  The IRF represents the transfer function relating the 

pseudorandom force disturbance input, x(t), to the T10 displacement output, ymeas.  Both 

the applied trunk force data and trunk displacement data were filtered using a 75 Hz, low-

pass, seventh-order Butterworth filter (Matlab, Natick, MA) and sub-sampled to 200 Hz.  

Both the force and displacement signals were treated with the same filter to avoid phase 

shift discrepancy from data processing.  Both the applied trunk force and the trunk 

displacement were demeaned prior to analysis in order to properly estimate the 

correlation functions [3].  Published techniques illustrate that adding white noise to the 

input signal reduces the effect of system noise by decorrelating the extraneous noise and 

data sampling from the input signal [25].  The magnitude of white noise added was 30% 

of one standard deviation of the input trunk force. 

 IRFs were determined from the matrix solution relating the autocorrelation 

function of the force signal and the cross-correlation of the force/displacement signals 

[18,26].  This can be written mathematically as: 

                                                            xyxx CC
t

IRF 11 −

∆
=                                                (5.1)  
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where Cxx is the input (force) autocorrelation, Cxy, is the input/output (force/position) 

cross-correlation, and ∆t is the sample period.  To measure the quality of the IRF 

estimate, it was convolved with the measured pseudorandom force sequence, x(t), to 

produce an estimate of the trunk displacement, yest.  The equivalence between the 

predicted and observed displacements was measured in terms of the percentage of 

displacement variance accounted for (VAF), defined as 
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VAF equal to 100% indicates the IRF exactly predicts the measured trunk displacement 

signal from the input force perturbations. 

The force and displacement data were visually inspected for signal quality.  Five 

of the 216 trials collected were removed due to sections of missing kinematic data 

presumably caused by the subject�s clothing, hair, or harness blocking the infrared 

emitting diode.  Thirteen trials had VAF less than 70% and were removed prior to 

statistical analysis.  Concatenation of the trials at each exertion level and direction 

provides more robust system identification [21].  Thus, 198 of the original 216 trials were 

retained to form 72 compliance IRFs (six per subject) used for parametric analysis.  

Inspection of the IRF shapes revealed dynamics that appeared similar to a second-

order, underdamped system exhibiting one oscillation (Figure 5.2).  Therefore the 

nonparametric IRFs were subsequently parameterized by determining the coefficients of 

the second-order system which provided the best least-squares fit to the IRF.  The 

compliance model had the form of:  
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where m is the effective trunk mass, b is the effective trunk damping, and k is the 

effective trunk stiffness.  The parameters were described as effective stiffness, damping, 

and mass because the data represented combined behaviors from intrinsic stiffness and 

reflex stiffness, with similar effects of damping, while the effective mass represented the 

driving point mass recorded by the systems identification technique measured at the T10 

level of the trunk.  The quality of the second-order fit compared with the nonparametric 

IRF was calculated as a percentage and referred to as fit accuracy. 

 

5.2.3 Statistical Analysis 

 Statistical analyses were performed to determine the effects of flexion/extension 

direction and exertion level (100 N, 135 N, 170 N) on trunk stiffness and trunk muscle 

activity.  A two factor (flexion/extension and exertion level) repeated measures ANOVA 

were performed on trunk stiffness and activity of each of the four bilateral muscle groups.  

Analyses were performed using commercial software (Statistica, 4.5 Statsoft, Inc., Tulsa 

OK) using a significance level of α < 0.05. 

 

5.3 Results 

RA and EO were the primary muscles responsible for generating the flexion 

moment but results demonstrates notable antagonistic co-activation in IO and LP during 

the flexion exertions.  RA activity was 36.4% greater during flexion than during 
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extension (p < 0.05).  IO activity increased 16.6% (p < 0.05) and EO increased 76.0% (p 

< 0.01) during flexion versus extension exertions (Figure 5.3).  Muscle activity of the LP 

was not statistically different (p = 0.231) between flexion and extension trials.    EMG 

increased significantly with respect to exertion level in all muscle groups.  From the 

lowest to highest load the recruitment of RA increased 9.9% (p < 0.05), IO increased 

27.6% (p < 0.05), LP increased 17.9% (p < 0.01), and EO increased 30.2% (p < 0.01). 

Compliance IRFs accurately predicted the active trunk kinematic response to 

random perturbation forces as evidenced by mean VAF of 88.9 ±5.1%.  It is clear by 

inspection (Figure 5.2) that the second-order model provides an excellent description of 

the trunk dynamics.  This was validated numerically by determining the second-order fit 

accuracy with a mean value of 89.4 ±7.0%.   

Trunk stiffness was significantly (p < 0.05) greater during flexion exertions than 

during extension exertions with mean values of 5.00 ±1.65 N/mm and 4.11 ±1.28 N/mm 

respectively (Figure 4).  Trunk stiffness increased 54.2% from the lowest to highest 

exertion level (p < 0.01).  Mean stiffness was 3.53 ±0.97 N/mm during 100 N exertions 

and 5.99 ±1.59 N/mm during 170 N conditions.  There was no significant interaction 

between load direction and exertion level on trunk stiffness (p = 0.487). 

Effective trunk damping was significantly greater during flexion exertions than 

during extension exertions with means of 445 ±121 and 827 ±360 N-s/m respectively (p 

< 0.01).  Damping increased 42.3% from the lowest to highest exertion with means of 

517 ±273 to 736 ±380 N-s/m respectively (p < 0.01).  Mean effective mass was 46.3 

±24.6 kg and represented the apparent driving point load.  The mean effective mass was 

significantly greater (p < 0.01) during flexion exertions, 53.2 ±19.4 kg, compared to 
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extension exertions, 39.5 ±10.8 kg.  This effective mass was significantly (p < 0.01) 

greater during 170 N exertions than during 100 N exertions.  The mean mass at the 

lowest load level was 33.9 ±22.0 kg compared to 58.8 ±34.4 kg at the highest exertion 

level.     

  

5.4 Discussion 

The effect of load direction on active trunk stiffness was evaluated using a 

pseudo-random disturbance and system identification methods.  Nonparametric IRFs of 

trunk dynamics were computed and revealed that the system exhibited underdamped 

second-order behavior.  The behavior agrees with previously published studies of trunk 

dynamics [6,11,26] and readily allows interpretation of perturbation response in terms of 

effective mass, damping and stiffness of the trunk.  Trends in trunk stiffness with 

voluntary exertion effort agreed with published data.  Studies report that active muscle 

[19] and joint stiffness [21] increase with muscle activation.  Likewise, it has been noted 

elsewhere that stiffness of the trunk increases with exertions level [6,11,26].  Results 

from the current study similarly observed a significant increase in trunk stiffness with 

exertion.   Results also reveal greater trunk stiffness during flexion exertions than during 

extension exertions. 

Greater trunk stiffness during flexion exertions than during extension exertions 

was attributed to muscle co-activation.  During flexion exertions the RA and EO muscles 

provide mechanical potential for the generation of torso flexion.  Results demonstrated 

significantly increased activity in these muscles during flexion exertions compared to 

similar extension exertion efforts (Figure 5.4).  We also observed significantly greater IO 
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activity during flexion exertions than during extension exertions.  Moreover, during 

flexion exertions the activity in the LP muscles was not statically different than activity 

recorded during extension exertions.  This indicates notable antagonistic co-contraction 

during flexion exertions in these extensor muscles.  In recent studies we have reported 

that co-contraction of the lumbar paraspinal muscles during pushing exertions may be 

necessary to augment spinal stability [14,16].  Results from those and other [4] studies 

conclude that co-contraction during flexion exertions is twice the co-contraction during 

trunk extension exertions.  Recognizing that muscle stiffness increases with activation 

[19], and that co-contraction is associated with increased muscle activation in both the 

agonist and antagonist muscles, then active joint rotational must increase with co-

contraction.  This has been demonstrated in the ankle [17,21], elbow [22] and in the torso 

[5,24].  Hence, during flexion and extension exertions of similar effort, we observed 

increased trunk stiffness in the condition with the greater co-contraction, i.e. greater trunk 

stiffness in flexion exertions than during extension exertions.  However, this does not 

agree with published results wherein others have reported no significant difference in 

flexion trunk stiffness versus extension trunk stiffness [6,11]. 

Reasons why differences in trunk flexion and extension stiffness were observed in 

the current results but not in previous studies may be related to differences in 

experimental protocols.  Analysis of trunk stiffness by means of non-parametric systems 

identification techniques and parametric modeling provides accurate and robust 

estimation of trunk dynamics.  Nonparametric VAF and parametric fit accuracy values 

were typically greater than 88% thereby indicating that the estimated values of effective 

mass, damping and stiffness sufficiently represented the relation between force 
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disturbance and subsequent trunk movement.  Consequently, analyses [26] have 

demonstrated notably less variability in the stiffness estimates using this techniques than 

reported elsewhere [6,11].  Mean extension stiffness was approximately 18% less than 

the trunk stiffness during flexion exertions.  Using the sudden load technique [6] to 

quantify stiffness the standard deviation of trunk stiffness was nearly 50% of the mean 

values thereby limiting the ability to observe statistical effects of flexion versus extension 

stiffness.  However, recent analyses by Anderson [1] using a similar sudden load 

technique reported stiffness measurements with much lower variability.  Stiffness of the 

trunk reported by Gardner-Morse and Stokes [11] was evaluated using sinusoidal 

disturbances at 4 Hz.  Subsequently analyses demonstrate that trunk dynamics possess a 

resonant frequency of approximately 1 Hz [26].  Hence, the 4 Hz protocol estimated 

trunk dynamics at a point on the bandwidth that is most sensitive to mass and reflex but 

may be comparatively less sensitive to subtle changes in stiffness.  Thus, when evaluating 

change in neuromuscular control of stability and active stiffness, we recommend 

protocols using large disturbance bandwidth, e.g. 0 to10 Hz, and small disturbances about 

a constant baseline equilibrium force and angle. 

Study limitations should be considered when interpreting the results.  The 

measured stiffness included components of passive tissue stiffness, intrinsic active 

muscle stiffness and reflex dynamics.  Reflex dynamics may contribute up to 40% of the 

measured stiffness [17,20,30].  However,we are unaware of any studies that attempt to 

quantify reflex contributions to trunk stiffness.  Therefore, it is unknown whether 

observed differences in trunk stiffness during flexion and extension exertions are 

associated with intrinsic or reflex behaviors.  Results demonstrate that stiffness increased 
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with exertion thereby indicating nonlinear behavior of the system.  Hence, use of a linear 

second-order analysis is limited to the neighborhood of the equilibrium recorded in 

experiment.  Extrapolation of these results to notably different exertion levels or postures 

may not be warranted.  Results suggesting significant changes in effective mass with 

exertion effort and direction are alarming.  Gardner-Morse and Stokes [11] observed 

similar effects and concluded that the mass coefficient may not fully describe the inertial 

effects of the flexible trunk.  Hence, in the current study, the effective center of rotation 

of the trunk in response to the force disturbances may have been different in flexion and 

extension exertions.  Further research is necessary to understand this phenomenon.  

Fortunately, the analyses were capable of solving separately for effective mass and 

stiffness, so the effects of mass should not influence stiffness results.  However, the 

applied force disturbances may cause greater movement in subjects with smaller mass.  

Stiffness is nonlinearly related to disturbance amplitude [21] indicating small effects 

highlighting the nonlinear behavior of trunk dynamics.  Further studies are recommended 

to apply nonlinear systems identification methods in order to quantify trunk dynamics 

during voluntary exertions. 

 

5.5 Conclusions 

The results of this study support the importance of co-contraction to maintain 

spinal stability during flexion exertions.  Analyses of pushing tasks report less spinal 

compression than during lifting exertions [9,29] but often overlook the effects of co-

contraction and stability.  Theoretical analyses indicate that antagonistic co-contraction in 

the LP and IO muscles during trunk flexion exertions may be necessary to stiffen the 
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spine so as to maintain spinal stability [13].  Recent analyses confirm that significant co-

contraction is recruited during trunk flexion exertions [14] and the current study supports 

the hypothesis that the trunk is stiffened during flexion exertions.  Results underscore the 

need to consider co-contraction and neuromuscular control of spinal stability when 

evaluating the biomechanical risks of trunk flexion and extension exertions. 
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5.8 Figures  
 
Figure 5.1. Experimental setup.  Pseudo-random force perturbations were superimposed 

on isotonic loads applied to subjects to elicit small trunk movement.  The 
external load acted anteriorly on the subject during an extension exertion trial 
in position shown.  During a flexion exertion trial the subject faced away from 
the motor so that the external load acted posteriorly on the subject.  Subjects 
were securely strapped into a rigid pelvic support structure to isolate 
movement of the trunk for all trials. 

 
Figure 5.2. Typical IRF relating trunk displacement to the applied trunk force.  

Superimposed on the data is the least-mean-squares fits of the second-order 
parametric model.  Parametric model coefficients represent effective trunk 
stiffness, damping and mass.   

 
Figure 5.3. Normalized EMG activity was greater in three of the four bilateral muscle 

groups during flexion than during extension exertions.  * indicates 
significance. 

 
Figure 5.4. Trunk stiffness was significantly greater during flexion exertions than during 

extension exertions.  This difference was attributed to co-contraction during 
flexion tasks.  Stiffness increased significantly with exertion level. 
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Figure 5.1.  Experimental setup.  Pseudo-random force perturbations were superimposed 
on isotonic loads applied to subjects to elicit small trunk movement.  The external load 
acted anteriorly on the subject during an extension exertion trial in position shown.  
During a flexion exertion trial the subject faced away from the motor so that the external 
load acted posteriorly on the subject.  Subjects were securely strapped into a rigid pelvic 
support structure to isolate movement of the trunk for all trials. 
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Figure 5.2.  Typical IRF relating trunk displacement to the applied trunk force.  
Superimposed on the data is the least-mean-squares fits of the second-order parametric 
model.  Parametric model coefficients represent effective trunk stiffness, damping and 
mass.   
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Figure 5.3.  Normalized EMG activity was greater in three of the four bilateral muscle 
groups during flexion than during extension exertions.  * indicates significance.
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Figure 5.4.  Trunk stiffness was significantly greater during flexion exertions than during 
extension exertions.  This difference was attributed to co-contraction during flexion tasks.  
Stiffness increased significantly with exertion level. 
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CONCLUSIONS 
 
 

 Low back biomechanics during pushing and pulling tasks were investigated in 

this study.  The results of this study have demonstrated that isometric pushing exertions 

are associated with significantly greater levels of co-contraction than isometric pulling 

exertions.  Theoretical analysis in this study attributed co-contraction during pushing 

exertions as necessary to maintain stability of the spine.  Empirical results indicated trunk 

co-contraction was shown to be associated with higher trunk stiffness.  Trunk stiffness 

was shown to be higher during flexion exertions compared to extension exertions. 

Results underscore the need to consider co-contraction and neuromuscular control 

of spinal stability when evaluating the biomechanical risks of pushing and pulling tasks. 

During extension tasks muscle recruitment directly contributes to spinal stability.  During 

flexion tasks augmented recruitment patterns are necessary to maintain spinal stability.  

Results may indicate greater risk of spinal instability from motor control error during 

pushing tasks than pulling exertions.     

 Future studies need to consider the role of co-contraction contributions to spinal 

load during analyses of workplace pushing and pulling exertions.  Past studies evaluating 

spinal compression during pushing exertions may have underestimated spinal 

compression because the significant effect of co-contraction was not accounted for.  

Although this study has provided insight into how the spine maintains stability spinal 

stability was not quantified.  To the author�s knowledge there are no existing quantitative 

measures of spinal stability.  Further research is necessary to quantify the stability of the 

spine.  The analyses in this study represent static exertions.  Further research is necessary 

to quantify the role of dynamic flexion tasks on muscle recruitment, spinal load and 
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stability during pushing and pulling exertions. 

 Biomechanical understanding of the low back can be a useful tool for the 

prevention of LBDs.  It is the hope of the author that the findings of this study contribute 

to the control of injuries in the future.  Pushing exertions may be more of a 

biomechanical risk factor than pulling due to the elevated neuromuscular behavior 

needed during pushing to maintain spinal stability. 
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Appendix A � IRB Approval Form 
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Appendix B � Consent Forms 
 
Title of Project:   Musculoskeletal Biomechanics of Movement and Control 

Investigators:   K.P. Granata 

Purpose of this Research 
To understand musculoskeletal injury and improve clinical diagnoses of injury it is necessary to understand how 
muscles control force and movement.  The purpose of this study is to measure the relation between human 
movement, force generation and muscle activity.  We are also interested in observing how gender, fatigue and 
physical conditioning influence these parameters.  Throughout the course of this project more than 200 subject 
volunteers will participate including healthy individuals from the age of 18 to 55. 

Procedures 
We will tape adhesive markers and sensors on your skin around your trunk, legs and arms.  These sensors are 
EMG electrodes that measure the activity of your muscles and position sensors to measure how you move.   
After some preliminary warm up stretches, we may ask you to push and/or pull as hard as you can against a 
resistance.  We may then ask you to hold or lift a weight or weighted-box and to bend forward and back.  We 
may also ask you to do some fatiguing exertions such as holding or lifting a heavy weight or pushing/pulling 
against a bar or cable for several minutes.  We may also apply a quick but small force to record reflexes.  You 
may be requested to return for repeated testing.  Between test sessions you may be asked to participate in 
specified physical conditioning as per the American College of Sports Medicine recommended guidelines 
Risks 
The risks of this study are minor.  They include a potential skin irritation to the adhesives used in the tape and 
electrode markers.  You may also feel some temporary muscle soreness such as might occur after exercising.  
Subjects participating in physical conditioning may experience muscle soreness and/or musculoskeletal injury 
associated with inherent risks of cardiovascular, strength training and therapeutic exercise.  To minimize these 
risks you will be asked to warm-up before the tasks and tell us if you are aware of any history of skin-reaction to 
tape, history of musculoskeletal injury, cardiovascular limitations. 
Benefits 
By participating in this study, you will help to increase our understanding musculoskeletal control of movement 
and musculoskeletal injury mechanisms.  We hope to make this research experience interesting and enjoyable 
for you where you may learn experimental procedures in biomechanical sciences.  We do not guarantee or 
promise that you will receive any of these benefits and no promise of benefits has been made to encourage your 
participation. 

Anonymity and Confidentiality 
Experimental data collected from your participation will be coded and matched to this consent form so only 
members of the research team can determine your identity.   Your identity will not be divulged to unauthorized 
people or agencies.  Digital video recorded during the experimental trials will be used to track the movement of 
the sensors by means of computer analyses and is insufficient video quality to observe individual participant 
identifying characteristics.  Secondary VHS-style video may be recorded to validate the digital motion data.  
This camera angle is placed to avoid facial or other identifying characteristics.  Sometimes it is necessary for an 
investigator to break confidentiality if a significant health or safety concern is perceived or the participant is 
believed to be a threat to himself/herself or others. 

Compensation 
Participants required to return for multiple test sessions or participate in physical conditioning for this protocol 
will receive payment per the number of test sessions as well as a bonus for full completion of the multi-session 
research protocol.  Subjects participating in experiments as part of course or laboratory procedures will receive 
appropriate credit for analysis of specified data as described in the course syllabus but not for personal 
performance during the experimental session.  If course credit is involved and the subject chooses not to 
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participate alternative means for earning equivalent credit will be established with the course instructor. 

Freedom to Withdraw 
You are free to withdraw from a study at any time without penalty. If you choose to withdraw, you will be 
compensated for the portion of the time of the study (if financial compensation is involved). If you choose to 
withdraw, you will not be penalized by reduction in points or grade in a course (if course credit is involved). 
You are free not to answer any questions or respond to experimental situations that they choose without penalty.  

There may be circumstances under which the investigator may determine that you should not continue as a 
subject.  You will be compensated for the portion of the project completed 

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

 
   21 January 2003                                   20 January 2004  
IRB Approval Date    Approval Expiration Date 

 

Subject's Responsibilities 
I voluntarily agree to participate in this study. I have the following responsibilities: 

- Inform the investigators of all medical conditions that may influence performance or risk 
- Comply to the best of my ability with the experimental and safety instructions  
- Inform the investigator of any physical and mental discomfort resulting from the experimental protocol  

Subject's Permission 
I have read and understand the Informed Consent and conditions of this project.  I have had all my questions 
answered.  I hereby acknowledge the above and give my voluntary consent:  

Subject Name (Print):  

Subject signature:  
Date  
.  Date   
Witness (Optional except for certain classes of subjects) 
   
Should I have any pertinent questions about this research or its conduct, and research subjects' rights, and whom 
to contact in the event of a research-related injury to the subject, I may contact: 
 
Investigator(s):    Patrick Lee E-mail:  palee2@vt.edu  Phone  231-2022  
Faculty Advisor:    K.P. Granata   E-mail:  Granata@vt.edu  Phone  231-7039  
 
 
_______________________________________ ________________________ 
     Departmental Reviewer/Department Head           Telephone/e-mail 
 

David M. Moore      
Chair, IRB       
Office of Research Compliance   
Research & Graduate Studies   

 
Subjects must be given a complete copy (or duplicate original) of the signed Informed Consent
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Appendix C � Data Collection Forms 
 

Data Collection Form for Study 1&3 
 

CO-CONTRACTION AS A FUNCTION OF LOAD DIRECTION 
TRUNK STIFFNESS AS A FUNCTION OF LOAD DIRECTION 

 
          
  Subject #  ____________     
  Name:  _____________     
          
  Max files EMG files: 1,2,3,4,5,6      
  Perturbation of 35 N on each trial     
          
  Flexion        
  Trial Actual  Bias Comments File #   
  7   100   1   
  8   135   2   
  9   135   3   
  10   100   4   
  11   170   5   
  12   135   6   
  13   170   7   
  14   170   8   
  15   100   9   
     
  Extension        
  Trial   Bias Comments File #   
  16   170   1   
  17   135   2   
  18   135   3   
  19   100   4   
  20   170   5   
  21   100   6   
  22   100   7   
  23   135   8   
  24   170   9   
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Data Collection Form for Study 2 
 

TRUNK STIFFNESS AS A FUNCTION OF CO-ACTIVATION 
 

              
  Subject #        
         
  EMG Max trials s###max1�6    
       
  Max Exertion (N)    Preload 1: 15% MAX  (N)     
         
     Preload 2: 30% MAX  (N)     
         
  Co-Contraction Preload   Filename    
   2      
  OFF 1  s###OFFbias#tr#    
   1      
    2        
   1      
  ON 2  s###ONbias#tr#    
   1      
   2      
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Vita 

Patrick James Lee 

 Patrick Lee was born in Baltimore, Maryland on October 12, 1980.  He attended 
Centennial High School in Ellicott City, MD.  He graduated from Virginia Polytechnic 
and State University. Tech with a Bachelor�s in Mechanical Engineering in 2002.  He 
continued his studies at Virginia Polytechnic and State University and obtained a 
Master�s in Mechanical Engineering in 2004.  His research work conducted at the 
Musculoskeletal Biomechanics Lab was published in national and international journal 
publications.  The focus of his research was low back biomechanical analysis of 
occupational tasks associated with a risk of injury; pushing, pulling, and twisting 
exertions.  During his free time, Patrick enjoys reading and outdoor activities such as 
bicycling, hiking, and snowboarding.   
 


