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Force Coordination in Object Manipulation 

by 
Paulo B. de Freitas1, Vennila Krishnan, Slobodan Jaric 

Purpose: The purpose of this review is to present our recent findings related to the studies of hand 
function based on the coordination of forces exerted against hand-held objects.   
Basic procedures: A novel device has been developed for recording grip (GF; acting perpendicu-
larly at the hand-object contact) and load force (LF; acting tangentially) during uni- and biman-
ual manipulation tasks performed under either static or dynamic conditions. Both healthy partici-
pants and neurological patients were tested. The outcome measures were obtained from the task 
performance (i.e., the ability to exert accurate LF profiles), GF-LF coordination and GF modula-
tion. 
Main findings: The method applied proved to not only to be both reliable and valid, but also suffi-
cient to detect differences between the dominant and non-dominant hand, as well as between 
healthy participants and mildly involved neurological patients. Marked differences in most of the 
depended variables were also detected between unidirectional and bi-direction tasks (i.e., in the 
tasks where LF acts in one and in two alternating directions). The later finding could not be based 
neural mechanisms known for their role in manipulative actions, such as on employing ad hoc 
muscle synergies or on the afferent activity of skin mechanoreceptors. 
Conclusions: The employed methodological approach can be applied not only to explore various 
manipulation activities, but also to serve as a basis for future development of specific clinical tests 
for populations that demonstrate impaired hand function. 

Keywords: hand, function, grasp, grip, load, test 

 

                                                           
1 - Department of Health, Nutrition, and Exercise Sciences, University of Delaware, 547 S. College Ave, Newark, DE 19711, 

USA 

Introduction 
The manner in which primates, and espe-

cially humans, use their hands to interact with 
objects is one of the characteristics that differ-
entiate them from other animals. Due to the es-
sential importance of object manipulation in 
daily living, a large number of studies have in-
vestigated qualitative and quantitative aspects 
of hand function. Various quantitative methods 
of analysis have been employed to explore the 
mechanical and neural aspects involved in dif-

ferent types of manipulation tasks. Similarly to 
all other motor functions, the hand function has 
been studied from different aspects, including 
behavioral, kinematic, kinetic, electromyog-
raphic, and neural one. The kinetic approach 
has been frequently used because of (1) the 
availability of a relatively simple model that can 
explain manipulation kinetics through the in-
teraction of two force components and the coef-
ficient of friction between the skin and the ob-
ject, (2) the validity of the selected kinetic vari-
ables since they can reveal essential mechanical 
and control characteristics of hand function, and 
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(3) the property of these dependent variables to 
detect differences in hand function between 
healthy individuals and those known for im-
paired hand function (e.g., neurological patients 
or elderly). The aim of the present paper is to 
review basic findings regarding force coordina-
tion in manipulation task, to present a method 
for studying manipulation activities using a 
novel device developed in our lab, as well as to 
present our recent finding regarding force coor-
dination in various populations and performing 
different manipulation tasks.  

Neuromechanical characteristics of force 
interaction in manipulation tasks 

In order to either manipulate a free-moving 
object or to use a fixed object as external sup-
port, individuals have to apply a certain 
amount of force at the digits-object contact area.  
In a simple mechanical model (see figure 1), the 
normal force component acting upon both sides 
of the object is usually referred to as grip force 
(GF), while the tangential component has usu-
ally been referred to as load force (LF) (Jaric et 
al. 2005; Johansson and Westling 1984; Westling 
and Johansson 1984).   

Mechanically, the object manipulation can be 
simply modeled by using GF, LF and coefficient 
of friction (μ) between the skin and object sur-
face. To prevent slippage of a grasped object, 
the amount of GF exerted by the fingers and the 
thumb against the opposite sides of the object 
surface has to be at least equal to the ratio of LF 
and the coefficient of friction (GF=LF/μ). How-
ever, individuals inevitably tend to exert a 
stronger GF than necessary to prevent the slip-
page. The excess of the applied GF has been re-
ferred to as safety margin (equals GF - GFmin). In 
most of the previous studies the safety margin 
proved to be relatively low and stable (Johans-
son and Westling 1984; Westling and Johansson 
1984).  

To maintain GF-to-LF ratio low when LF 
changes, GF should change in parallel to LF. In-
evitably, this must be achieved by presumably 
complex neural coordination of muscles respon-
sible for generating LF and GF. Note that the 
muscle groups associated with LF exertion are 
those that either maintain the position of the 
arm segments while an object is held still, or 
move them from one position to another. On the 
other hand, the muscle groups associated with 
GF are those associated with prehension (i.e., 
extrinsic and intrinsic forearm and hand mus-
cles). Hence, how are the actions of GF and LF 
muscles coordinated during manipulation 
tasks?  

It has been consistently demonstrated that 
when the mechanical characteristics of the ma-
nipulated objects (e.g., weight, size, shape, or 
surface friction) and the self-induced changes in 
LF are known in advance, the CNS coordinates 
the actions of muscle groups responsible for ex-
erting LF and GF in a predictive way (i.e., 'feed-
forward control'). Specifically, the CNS is able 
to anticipate the effects of the applied LF and, 
therefore, maintains a relatively stable relation-
ship between GF and LF (Johansson and Wes-
tling 1984; Flanagan and Wing 1995; Flanagan 
and Wing 1993; Blakemore et al. 1998). More-
over, it has been shown that the sensory feed-
back information (presumably provided pri-
marily by skin mechanoreceptors that detect 
‘micro-slips’ occurring at the contact area (Jo-
hansson and Westling 1984; Johanson and Wes-
tling 1988; Johanson and Westling 1987)) are 
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Figure 1 

A simple model of forces acting at the digits-
object contact area when holding a free-moving 

object (rectangle) using precision grip. The 
ellipses indicate the digits in contact with the 

object represented by the large rectangle. While 
load force (LF) generated by the weight of the 

object acts tangentially and tends to cause 
slippage of the object, the grip force (GF) acts 
orthogonally to the object surface increasing 

friction force (Fr) and, consequently, prevents 
slippage. 
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utilized by the CNS for coordinating GF and LF 
(Danion 2007). 

 In summary, the CNS anticipates the 
changes in LF and applies appropriate GF scal-
ing of to avoid either the object slippage (due to 
insufficient GF) or ‘over-gripping’ due to exces-
sive GF (Jaric et al. 2005; Johansson and Wes-
tling 1984; Westling and Johansson 1984). When 
the CNS cannot anticipate the changes in LF 
(e.g., due to unexpected external perturbations), 
an adaptation period is needed to adequately 
use feedback information and provide neces-
sary changes of GF (Blakemore et al. 1998; Jo-
hanson and Westling 1988; Flanagan and Wing 
1997).  

Assessment of GF-LF coordination  
The relationship between GF and LF has 

been investigated in various discrete and con-
tinuous manipulation tasks typically using free-
moving objects. These objects have been in-
strumented by multi-axis force transducers and 
accelerometers that enable the calculation of GF 
and LF throughout the task execution. The most 
often studied tasks have been lifting, holding, 
and replacing instrumented objects (Johansson 
and Westling 1984; Westling and Johansson 
1984; Flanagan et al. 1993; Zatziorsky et al. 2005; 
Jenmalm et al.1998). Objects of different 
weights, textures, and shapes have been utilized 
to explore the effect of objects’ physical pro-
prieties on GF and LF coordination. Neverthe-
less, the most often applied continuous ma-
nipulation task has been ‘shaking’ (i.e., cycli-
cally moving the arm up and down while 
holding an instrumented object) (Flanagan and 
Wing 1995; Blakemore et al.1998; Zatsiorsky et 
al. 2005; Gao et al. 2007).  

A considerable number of dependent vari-
ables have been utilized to assess different as-
pects of GF and LF coordination in both discrete 
and continuous tasks. For example, the ability 
to scale GF with respect to LF has been assessed 
by GF to LF ratio (GF/LF). It can be calculated 
either as the ratio of GF and LF at a specific time 
point of the task (e.g., maximum LF during 
lifting task), or as the ratio of their averaged 
values. A low GF/LF (i.e. low safety margin) has 
been interpreted as an index of higher force co-
ordination (Jaric et al. 2005; Flanagan and Wing 
1995; Flanagan et al. 1993; Zatsiorsky et al. 2005; 

Jaric et al. 2006; Jaric et al.2005). Furthermore,  
spatial and temporal force coupling have been 
often assessed by the maximum cross-correla-
tion coefficient and the corresponding time lag 
between GF and LF (Rost et al. 2005; Hermsdor-
fer et al. 2003). A high level of GF and LF cou-
pling is expected to be revealed by maximum 
cross-correlation coefficients close to 1 and the 
corresponding time lags close to zero (Flanagan 
and Wing 1995; Gysin et al. 2003). Another fre-
quently used index of GF and LF coordination 
has been GF modulation revealing how much 
GF changes with respect to the changes in LF. 
GF modulation has been assessed by GF gain 
and offset obtained from the slope and inter-
cept, respectively, of the regression line ob-
tained from diagrams of GF and the absolute LF 
values (Jaric et al. 2005; Flanagan and Wing 
1995; Flanagan et al. 1993; Zatsiorsky et al. 2005; 
Jaric et al. 2006; Jaric et al. 2005). A high value of 
GF gain combined with a low value of GF offset 
have been interpreted as an index of high GF 
and LF coordination.  

Note that all above mentioned variables 
could have a property of face validity because 
low but sufficient GF can only be provided by 
low GF/LF ratio, high GF and LF coupling and a 
high GF modulation. Not surprisingly, popula-
tions known for impaired hand function (e.g., 
neurological patients) consistently reveal dete-
riorated values of the same variables. For ex-
ample, individuals with Parkinson’s disease 
(PD) need a longer time to initiate lifting of a 
hand-held object and, also, they generate slow 
changing and unstable GF (Invarsson et al. 1997; 
Wenzelburger 2002; Benice et al. 2007). Re-
garding the indices of GF and LF coordination, 
individuals with PD are able to control and co-
ordinate GF and LF in an anticipatory fashion, 
adjusting GF with respect to changes in LF, as 
well as with changes in object coefficient of fric-
tion. However, it has been observed that the 
same patients in early (Fellows et al. 2003) and 
advanced stages (Fellows et all. 1998; Nowak 
and Hermsdorfer 2006) of disease apply exces-
sive GF when lifting and holding an object. 
Likewise, individuals with Huntington Disease 
generate a higher amount of GF during lifting 
and holding tasks (Gordon et al. 2000; Schwarz 
et al. 2001), take a longer time to both generate 
the maximum of GF and lift the object from the 



40 Force Coordination in Object Manipulation
 

Journal of Human Kinetics volume 20 2008,  http://www.johk.awf.katowice.pl 
 

table. Individuals with cerebellar dysfunction 
generate a large amount of GF during lifting 
and holding tasks (Nowak et al. 2005; Nowak et 
al. 2002; Babin-Ratte et al. 1999), as well as dur-
ing vertical point to point movements (Nowak 
et al. 2002; Babin-Ratte et al. 1999). Rost and 
collaborators (Rost et al. 2005) also investigated 
the GF and LF coordination in cerebellar pa-
tients during vertical cyclic arm movements 
(amplitude ≈ 30 cm) performed at low and 
moderate frequencies (<1.7 Hz). The patients 
were able to modulate GF with continuous 
change in LF, but they also showed problems in 
scaling GF (i.e., elevated GF/LF ratio) and cou-
pling GF and LF (i.e., a low maximum cross-
correlation coefficient and variable time lag) 
relative to healthy controls. Hermsdorfer and 
colleagues (Hermsdorfer et al. 2003) assessed 
GF and LF coordination in stroke patients dur-
ing three different manipulation tasks: holding, 
transporting and performing vertical cyclic arm 
movements (30 cm at 1.5 Hz). They observed 
alteration in GF and LF coordination that was 
more or less related to the severity of the stroke 
and the brain region where it occurred. In gen-
eral, most of the stroke patients were able to 
adjust their GF with the LF demanded by the 
task. However, the amount of GF and, conse-
quently, the safety margin adopted by stroke 
patients were considerably higher than in 
healthy individuals during all three manipula-
tion tasks. 

A novel device for testing hand function 
Despite 25 years of applying the discussed 

method in studies of hand function, a number 
of important aspects have been mainly ne-
glected. For example, although being a very im-
portant variable in motor control, the task per-
formance of various manipulation tasks has 
been often ignored. In particular, the ability to 
perform a smooth and accurate manipulation 
action could be of essential importance for hand 
function in general and, therefore, performance 
measures based on the recorded forces could be 
candidates for outcome variables in the dis-
cussed area of research. In addition, studies of 
static manipulations, such as those mimicking 
using external support, have been rarely per-
formed. Note that static tasks could allow for 
better control of experimental conditions than 

the tasks based on free hand movements, par-
ticularly those involving complex bimanual ac-
tions (Jaric et al. 2005; Jaric et al.2006; Jaric et al. 
2005).     

To fill this gap we developed a novel device 
for hand function evaluation. Based on the ear-
lier simpler versions (Jaric et al. 2005; Jaric et 
al.2006; Jaric et al. 2005), the latest one consists 
of two instrumented handles. It allows for the 
evaluation of both static and dynamic manipu-
lation tasks performed with either one or both 
hands, as well as for accurate recording the ex-
erted LF and GF (Figure 2). It consists of two ex-
ternally fixed parallel handles covered by rub-
ber and contains built-in two single-axis (WMC-
50, Interface Inc., USA) and two multi-axis force 
transducers (Mini40, ATI, Apex, NC, USA). 
Each single-axis force transducer records the 
compression force (FC) exerted against the han-
dle laterally by the tip of the thumb. Each multi-
axis force transducer (positioned beneath the 
handle) records all three force components ap-
plied against the handle. The horizontal force 
component acting perpendicularly to the han-
dle’s contact area (FY) records the force exerted 
by the tips of the fingers and, thus, enables cal-

 
Figure 2 

Schematic version of the experimental device. 
The circles illustrate the positions of the fingers 
and thumbs applying a precision grip against 

two handles of the device. The single-axis force 
transducers recording compression force (FC), 

as well as the multi-axis force transducers 
recording vertical and horizontal forces are 
depicted with gray filled squares and gray 

filled rectangles, respectively. The direction of 
the recorded FC, FX, FY and FZ are indicated by 

arrows. The equations used to calculate GF 
and LF are also presented. 
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culation of GF as the average orthogonal force 
applied against two sides of each handle. The 
remaining two components (FZ and FX) serve for 
calculation of the LF (see equation in Figure2). 
Note that due to the direction of the recorded 
forces, GF acts normally, while LF acts tangen-
tially to the contact area.  

The device allows for testing a large variety 
of tasks based on various hand actions. For in-
stance, the handle can be oriented both verti-
cally and horizontal, the participants can per-
form the tasks in sitting and standing position, 
actions can be either static or dynamic, and both 
uni- and bimanual. The participants can be 
tested either with (i.e., to match force targets 
showed on a computer screen) or without visual 
feedback, while various force profiles can be 
performed (e.g., static, ramp-and-hold, simple 
lifting, or sinusoidal profiles paced with a met-
ronome).  

Evaluation of the experimental method 
Several studies have been performed in our 

lab to evaluate the reliability and validity of the 
data recorded from the device. In the first one, 
eight healthy individual and three patients with 
neurological dysfunction (2 moderatly impaired 
individuals with multiple sclerosis and one in-
dividual with transient radial neuropathy) 
where tested on three static manipulation tasks: 
constant, ramp LF and oscillatory LF exertions 
over three consecutive sessions (Jaric et al. 
2005). High intraclass correlation coefficients 
and no systematic bias among the sessions sug-
gested moderate to high reliability of the most 
of the calculated variables related to task per-
formance and force coordination (see previous 
text for details). When the data from healthy in-
dividuals were compared with the data ob-
tained from the neurological patients, promi-
nent differences occurred between the evalu-
ated variables. Therefore, we concluded that the 
experimental approach based on the evaluated 
device could provide reliable and valid meas-
ures of task performance and force coordination 
and, consequently, can be used for evaluation of 
hand function in both healthy and neurologi-
cally disabled individuals. We also concluded 
that the applied methodological approach could 
be employed in studies of the neural control 

mechanisms involved in manipulation tasks in 
general [1].  

We also explored GF and LF coordination in 
individuals with multiple sclerosis (MS) under 
static and dynamic conditions (Marwaha et al. 
2006; Krishnan et al. 2008). Under the static 
conditions, participants were asked to exert LF 
against one or two fixed handles using different 
profiles and magnitudes of LF. In the first study 
(Marwaha et al. 2006), mildly affected individu-
als with MS and age-matched healthy individu-
als were tested at the constant, ramp and oscil-
lation LF profiles tasks performed with avail-
able visual feedback. Interestingly, most of the 
patients claimed that they had no problems 
with hand function in daily life. The profiles 
were generally designed to mimic daily living 
tasks, such as holding or moving external ob-
jects or using external supports. The results 
showed that although MS patients was able to 
maintain a high GF-LF coupling (e.g., high cor-
relation coefficient and time lag close to zero in 
oscillation task), they revealed deteriorated task 
performance (deteriorated ability to produce 
required LF profiles), as well as ‘over-gripping’ 
(higher safety margin revealed through a higher 
GF/LF ratio).  

These results were confirmed by the follow-
ing study (Krishnan et al. 2008) based on oscil-
lation and ramp-and-hold tasks, and on a sim-
ple dynamic conditions task. Regarding the 
later one, the participants were instructed to lift 
one or both handles disassembled from the de-
vice simultaneously and, thereafter, hold them 
steadily. The experiment was performed on an-
other group of mildly involved MS patients and 
healthy controls. The results showed that the 

Figure 3 

GF (dashed lines) and LF (continuous lines) 
profiles obtained from the right (thin lines) and 
left (thick lines) hands of a representative MS 
patents and healthy control (HC). Reprinted 

with permission from Krishnan et al. 
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patients applied an unnecessary larger amount 
of GF in order to lift the object. While holding 
the object, the smoothness was lower in the pa-
tients than in healthy individuals (Figure 3). 
Note that the obtained findings related to task 
performance and GF scaling observed in mildly 
impaired MS patients during both static and 
dynamic manipulation tasks could be detri-
mental for controlling object manipulation, and 
also could generate premature muscle fatigue 
(Marwaha et al. 2006; Krishnan et al. 2008).  

Besides evaluating hand function in indi-
viduals with multiple sclerosis, we also investi-
gated other aspects of the control of manipu-
lative activities. For example, the effect of hand-
edness in various manipulation tasks was stud-
ied (Ferrand and Jaric 2006; de Freitas et al. 

2007). Having in mind recent finding regarding 
hand specialization (Bagesteiro and Sainburg 
2002; Bagesteiro and Sainburg 2003; Sainburg 
2005), it should not be surprising that the results 
of both studies showed some advantages of the 
non-dominant hand. While Ferrand and Jaric 
(Ferrand and Jaric 2006) reported a lower GF/LF 
ratio in the non-dominant than in dominant 
hand, de Freitas and collaborators (de Freitas et 
al. 2007) reported not only a higher GF modula-
tion, but also a directionally more accurate ex-
ertion of LF of the non-dominant hand. These 
results also suggest a high sensitivity of the out-
come measures since a presumably weak effect 
of handedness on hand-arm control was de-
tected (Bagesteiro and Sainburg 200 Bagesteiro 

 
Figure 4 

GF and LF recorded in a representative subject under two tasks and two frequency conditions. Note 
high correspondence among two grip and two load forces obtained from the unidirectional tasks. 

Bidirectional tasks, however, demonstrate a higher overall level and of grip forces, as well as a lower 
and more irregular grip force modulation. Reprinted with permission from Jaric et al. 
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and Sainburg 2002; Bagesteiro and Sainburg 
2003; Sainburg 2005) .  

In addition to the studies of hand function in 
neurological patients and the effect of handed-
ness, we also found a potentially important ef-
fect LF direction change. A more careful exami-
nation of this phenomenon could be potentially 
useful in understanding of how human move-
ment is planned, as well as how sensory infor-
mation can be utilized in planning and control-
ling of the studied motor actions. The next ses-
sion will provide more details regarding that 
phenomenon. 

Effects of change of LF direction on GF-
LF coordination 
Consecutive exertion of LF in two opposite 

directions is an important component of ma-
nipulations performed during daily living. Ex-
amples of such tasks are shaking vigorously an 
object, performing consecutive strokes using 
hand-held tools (e.g. handsaw, or hammer) or 
using external support to provide reaction 
forces in different directions in order to pre-
serve balance in a turbulent bus ride. However, 
until recently the GF and LF coordination asso-
ciated with this type of manipulation tasks has 
not been explored.  

In our first study (Jaric et al. 2005) the par-
ticipants were instructed to exert sinusoidal 
pattern of LF either by only pushing in (LF is 
exerted in only one direction – unidirectional 
task) or by pushing in and pulling out consecu-
tively (bidirectional task) the handles of an old 
version of the experimental device. The applied 
frequencies were 1.33 and 2.67 Hz. Figure 4 
shows a clear distinction between uni- and bidi-
rectional task regarding the relationship of GF 
and LF. In unidirectional tasks GF and LF var-
ied in parallel providing, therefore, a low and 
stable GF/LF ratio, whereas in bidirectional 
tasks GF and LF seem poorly related and GF/LF 
ratio appears to be higher and more variable 
over time. In general, the results of the study 
showed a prominent deterioration in GF and LF 
coordination associated with switching from 
unidirectional to bidirectional tasks, which was 
revealed by an increase in GF/LF ratio, as well 
as by a decrease in both GF-LF coupling and GF 
modulation. The findings also suggested that 
the changes in force coordination did not origi-

nate from the requirement for a doubled LF ex-
ertion (corresponding to the upward and 
downward of the bidirectional task) and, conse-
quently, for a doubled GF frequency during 
bidirectional tasks as compared to unidirec-
tional ones. Specifically, unidirectional trials 
performed at 2.67 Hz demonstrated a higher GF 
and LF coordination than the bidirectional trials 
performed at 1.33 Hz. Therefore, the results re-
vealed a potentially important phenomenon 
relevant not only for bidirectional tasks, but also 
for understanding some basic mechanisms and 
phenomena regarding force coordination in 
manipulation activities.  

In the subsequent study (de Freitas et al. 
2007) we tested a similar tasks that gradually 
changed from uni-directional to bi-directional 
one. Our aim was to investigate whether uni- 
and bidirectional could be either controlled by a 
single control mechanism or, alternatively, by 
two distinctive ones. In particular, we manipu-
lated the “index of bidirectionality” (IB) of the 
task that was calculated from the magnitude 
and duration of the vertical component of LF 
(FZ) exerted in the opposite directions (Figure 
5). Two unidirectional trails were performed 
and the FZ minima were set either at zero (0% 
bidirectional) or at 25% of the FZ maxima (-25% 
bidirectional). In addition, four bidirectional tri-
als were performed and the FZ minima were set 
either at 25%, 50%, 75% and 100% in the oppo-
site direction of the FZ maxima. 
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Figure 5 

Schematic representation of the index of 
bidirectionality (IB) obtained from the intervals 
of load force exertion relative to the zero force. 

The values -25 and 0% IB are considered as 
unidirectional trials, whereas 25, 50, 75 and 
100% are considered as bidirectional trials. 
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We hypothesized that if GF-LF coordination 
were a part of a single control mechanism, a 
gradual reduction in the indices of GF-LF coor-
dination would be observed as the task gradu-
ally becomes bidirectional. Conversely, if GF-LF 
coordination is controlled by two distinct neural 
control mechanism, we would expect an abrupt 
change in GF and LF coordination as soon as LF 
changes direction, regardless of how low and 
brief LF exerted in opposite direction is. Figure 
6 illustrates GF and LF profiles and GF-LF dia-
grams exerted by the dominant and non-domi-
nant hand during -25%, 50% and 100% IBs. As 
depicted, the results showed an abrupt reduc-
tion in the indices of GF-LF coordination no 
matter how low and brief LF exertion was in the 
opposite direction, which supported the hy-
pothesis of the existence of two partly distinc-
tive neural control mechanism being responsi-
ble for coordinating GF and LF in uni- and bidi-
rectional LF exertions.  

In spite of identifying the existence two 
partly distinctive neural control mechanisms 
driving the coordination of GF and LF in uni- 
and bidirectional tasks, the nature of the 
mechanisms remained unclear. Based on both 
the recent experimental findings and the current 
motor control theories and models, we assumed 
that the likely candidates could be either the 
switches among muscle synergies when 

changing LF direction, or changes in the activa-
tion patterns of the digital and non-digital 
mechanoreceptors, or a combination of both. A 
motor synergy can be defined as a neural or-
ganization of a multi-element system that is de-
signed to improve task performance and shares 
a common input or neural drive, which leads to 
a stable relationship among these multi-ele-
ments over time (Latash et al. 2002). Based on 
both the concept of synergy and the results of 
studies that have shown an elaborate coordina-
tion of GF and LF, we could presume that dur-
ing most of manipulation tasks the muscle 
groups responsible for controlling or exerting 
LF form a synergy with the muscles responsible 
for exerting GF. For example, very close spatial 
and temporal GF and LF relationships and a 
relatively stable GF to LF ratio indicate that 
muscle groups associated with exertion of LF 
and GF might share the same common neural 
drive. If this were the neural mechanism that 
the CNS uses to coordinate the exertion of LF 
and GF, a question would be how this concept 
of GF and LF muscle synergy can be applied to 
explain the differences in GF and LF coordina-
tion between uni- and bidirectional LF exer-
tions. Jaric and collaborators (Jaric et al. 2005) 
suggested that when a participant exerts LF in 
one direction (unidirectional task), a strong syn-
ergy could be formed between the muscles re-

 

Figure 6 
The data obtained from a representative subject under three indices of bidirectionality (IB). Left-hand 

panels show GF and LF of the dominant (D) and non-dominant (ND). Right-hand panels illustrate 
the corresponding GF-LF diagrams with the corresponding regression lines, equations and 

correlation coefficients for each hand separately. Reprinted with permission from de Freitas and 
collaborators. 
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sponsible for exerting LF and GF. However, in 
bidirectional tasks (i.e. when LF is consecutively 
exerted in two opposite directions) switching 
between two synergies (i.e., antagonistic mus-
cles exerting LF in opposing directions create 
synergies with the same GF muscles) could be 
needed. This switching could force the CNS to 
set another pattern of GF and LF coordination 
which could be based on an increased safety 
margin and reduced GF modulation.  

Another factor that could contribute to the 
deterioration of GF and LF coordination is re-
lated to the activation pattern of the skin mech-
anoreceptors located at the tip of the digits. The 
main function of these receptors is to provide a 
quick and accurate sensory information to the 
CNS regarding spatial and temporal character-
istics of skin deformation during manipulation 
and tactile exploration tasks (Jonansson and 
Wallbo 1983; Johansson and Westling 1987). The 
activation of skin digital mechanoreceptors 
could have a important role in GF and LF coor-
dination (Johansson and Westling 1984; Johans-
son and Westling 1987; Nowak et al. 2002; 
Nowak et al. 2001; Westling and Johansson 
1987). Several studies have shown that the acti-
vation of the these mechanoreceptors has an ex-
citatory effect on the muscles responsible for 
generating GF (Gandevia and McCloskey 1977; 
Gandevia and McCloskey 1977; Marsden et al. 
1979; Garnett and Stephens 1980; Garnett and 
Stephens 1981). Others have shown that the in-
dividuals with a loss of sensation in the tip of 
the digits either due to anesthesia (Johansson 
and Westling 1984; Nowak et al. 2001; Dun et al. 
2007; Nowak and Hermsdorfer 2003; Monzee et 
al. 2003; Johansson et al. 1992; Cole and Abbs 
1988; Augurelle et al. 2003) or due to some neu-
rological diseases (Nowak et al. 2004; Nowak et 
al. 2003; Nowak and Hermsdorfer 2003; Thon-
nard et al. 1997) demonstrate partly impaired 
ability to manipulate objects. It has been also 
shown that, due to the activity of these recep-
tors, the CNS is able to distinguish changes in 
GF and LF occurring simultaneously by distinct 
modes of activation of their mechanoreceptors 
(Srinivasan et al. 1990; Birznieks et al. 2001; Pare 
et al. 2002; Wheat et al. 2004). Information about 
the magnitude of GF applied to the object sur-
face is mostly triggered by the size of the skin 
contact area with the object (Westling and Jo-

hansson 1987). However, the information about 
changes in both LF magnitude and direction 
could be triggered by changes in the rate of ac-
tivation of neighboring mechanoreceptors, as 
well as by the changes in direction of skin de-
formation (Srinivasan et al. 1990; Birznieks et al. 
2001; Pare et al. 2002; Wheat et al. 2004). In ad-
dition, bending of the skin caused by the change 
in LF direction could cause the consecutive 
changes in activation of the mechanoreceptors 
located at different sites of the digital pads. 
Those changes together could be interpreted as 
micro-slips and, as a result, the CNS could tend 
to prevent slipping by elevating the safety mar-
gin (i.e., by increasing GF/LF ratio) and reduc-
ing the GF modulation. The finding that the first 
impulses elicited by sensory afferents that trig-
ger a highly coordinated muscle manipulation 
action could distinguish among different tan-
gential force directions (Johansson and 
Birznieks 2004) seems to speak in favor of this 
assumption. Nevertheless, experiments per-
formed with and without anaesthetized skin as 
well as performed by skin parts with different 
density of mechanoreceptors could provide ad-
ditional elucidation of the neural mechanisms 
responsible not only for the studied phenome-
non, but also for the neural basis of the force co-
ordination in manipulation tasks in general. 

In order to distinguish between the possible 
role of the synergy of the hand grip and arm 
muscle (exerting GF and LF, respectively) and 
the role of sensory information provided by 
digital and non-digital mechanoreceptors in the 

 
Figure 7 

Stick figures representing the four grasping 
techniques utilized by the participants during 
oscillatory FZ exertion. (A) Precision grip, (B) 

palm grip, (C) wrist grip, and (D) fist grip. 
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reduction of GF-LF coordination (see previous 
paragraph) we performed another study (de 
Freitas et al. 2008). Similarly to the previous 
study (de Freitas et al. 2007), we tested sinusoi-
dal LF pattern exerted in vertical direction 
against an externally fixed device in trials that 
gradually changed from uni- to fully bidirec-
tional. In addition, the participants performed 
the tasks having their wrists either unsup-
ported, or supported by rubber bands pulling 
their hands and forearms with a force equal to 
the one or two weights of their hand-forearm 
segments. This manipulation intended to de-
couple LF measured by the device (and, there-
fore, recorded by the cutaneous receptors) from 
the action of arm muscles exerting LF. Figure 7 
depict a schematic representation of the task 
and participant’s configuration. 

We hypothesized that, if the differences in 
GF-LF coordination seen between uni- and bidi-
rectional task would be caused by the switching 
of muscle synergies, the manipulation of exter-
nal support would affect the indices of GF–LF 
coordination. Alternatively, a lack of the effect 
of the external support would suggest an im-
portant role of the digital mechanoreceptors 
(that are not affected by the external support) in 
the studied phenomenon. Similar to the previ-
ous studies (Jaric et al. 2005; de Freitas et al. 
2007), the results revealed that switching from 
uni- to bidirectional tasks, no matter how low 
and brief LF exertion was in the opposite direc-
tion, was associated with an abrupt decrease in 
GF and LF coordination. However, of utmost 
importance was that the studied GF-LF coordi-
nation remained unaffected by the manipula-
tion of external support. This finding strongly 

suggested that the discussed difference in GF 
and LF coordination between the uni- and bidi-
rectional tasks could be based on the afferent 
sensory input, rather than on the switching of 
synergies of the muscles exerting GF and LF (de 
Freitas et al. 2008).  

In order to evaluate the role of afferent cuta-
neous input in the studied control mechanisms, 
we performed another study (de Freitas and 
Jaric in preparation) based on two distinctive 
manipulations. In the first experiment the par-
ticipants exerted LF using four different biman-
ual grasping techniques (precision, palm, fist 
and wrist; Figure 8), which intended to ma-
nipulate both the density and sensibility of the 
skin mechanoreceptors due to the manipulation 
of skin areas in direct contact with the handles. 
In the second experiment, LF was exerted by the 
tips of the digits (precision grip) of the partici-
pant’s dominant hand both at the normal body 
temperature and after cooling the digits which 
intended to reduce the sensibility of the skin 
mechanoreceptors. 

Once again, the results revealed that, inde-
pendently of grasping technique and the skin 
temperature, the indices of GF-LF coordination 
were considerably higher in uni- than in bidi-
rectional tasks. However, the cooling of the skin 
revealed no effect whatsoever on the studied 
force coordination. Moreover, the manipulation 
of the hand skin area in contact with the device 
also revealed a week and inconclusive effect of 
the studied GF and LF coordination (see de 
Freitas et al. 2007) for similar findings). As a re-
sult, based on the findings of our three studies 
aimed towards the distinction between the uni- 
and bidirectional tasks (Jaric et al. 2005; de 
Freitas et al. 2007; de Freitas el al. 2007; de 
Freitas et al. 2008), the role of both the muscle 
synergies and skin mechanoreceptors in the 
studied phenomenon could be ruled out. There-
fore, we believe that further exploration not 
only of the studied phenomenon, but also of the 
control of hand function in general, should be 
mainly focused to the various supraspinal con-
trol mechanisms.     

Summary  
An elaborate coordination of forces applied 

against hand-held objects is essential for suc-
cessful manipulation activities. Our newly de-

 

Figure 8 

Schematic representation of the task. Reprinted 
with permission from Freitas and collaborators
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veloped device allowed for force recordings 
under the conditions that have been partly ne-
glected in the literature. This device proved to 
provide both reliable and valid data that could 
be used in various motor control areas. In par-
ticular, the data seems to be sufficiently sensi-
tive to detect mild levels of hand impairment in 
neurological patients. Therefore, a standard 

clinical test could be derived from both the de-
veloped device and the applied experimental 
protocols. In addition, the device allows for a 
variety of manipulation tasks to be studied 
which could be applied in studies of various 
phenomena associated with manipulation ac-
tivities and their underlying neural control 
mechanisms. 

References 
Augurelle A.S., Smith A.M., Lejeune T., Thonnard J.L. Importance of cutaneous feedback in maintaining 

a secure grip during manipulation of hand-held objects. J Neurophysiol, 2003. 89, 665-71. 

Babin-Ratte S., Sirigu A., Gilles M., Wing A. Impaired anticipatory finger grip-force adjustments in a case 
of cerebellar degeneration. Exp Brain Res, 1999. 128, 81-5. 

Bagesteiro L.B., Sainburg R.L. Handedness: dominant arm advantages in control of limb dynamics. J 
Neurophysiol, 2002. 88, 2408-21. 

Bagesteiro L.B., Sainburg R.L. Nondominant arm advantages in load compensation during rapid elbow 
joint movements. J Neurophysiol, 2003. 90, 1503-13. 

Benice T.S., Lou J.S., Eaton R., Nutt J. Hand coordination as a quantitative measure of motor abnormality 
and therapeutic response in Parkinson's disease. Clin Neurophysiol, 2007. 118, 1776-1784. 

Birznieks I., Jenmalm P., Goodwin A.W. Johansson R.S., Encoding of direction of fingertip forces by 
human tactile afferents. J Neurosci, 2001. 21, 8222-8237. 

Blakemore S.J., Goodbody S.J., Wolpert D.M. Predicting the consequences of our own actions: the role of 
sensorimotor context estimation. J Neurosci, 1998. 18, 7511-8. 

Cole K.J., Abbs J.H. Grip force adjustments evoked by load force perturbations of a grasped object. J 
Neurophysiol, 1988. 60, 1513-22. 

Danion F. The contribution of non-digital afferent signals to grip force adjustments evoked by brisk 
unloading of the arm or the held object. Clin Neurophysiol, 2007. 118, 146-54. 

de Freitas P.B., Jaric S. Ongoing cutaneous sensor information could not be important for force control of 
continuous manipulation tasks. in preparation.  

de Freitas P.B., Krishnan V., Jaric S. Force coordination in static manipulation tasks: effects of the change 
in direction and handedness. Exp Brain Res, 2007. 183, 487-497. 

de Freitas P.B., Markovic G., Krishnan V., Jaric S. Force coordination in static manipulation: Discerning 
the contribution of muscle synergies and cutaneous afferents. Neurosci Lett, 2008. 434, 234-239. 

Dun S., Kaufmann R.A., Li Z.M. Lower median nerve block impairs precision grip. J Electromyogr 
Kinesiol, 2007. 17, 348-354. 

Fellows S.J., Noth J. Grip force abnormalities in de novo Parkinson's disease. Mov Disord, 2003. 19, 560-
565. 

Fellows S.J., Noth J., Schwarz, M. Precision grip and Parkinson's disease. Brain, 1998. 121 ( Pt 9), 1771-84. 

Ferrand L., Jaric S. Force coordination in static bimanual manipulation: Effect of handedness. Motor 
Control, 2006. 10, 359-370. 

Flanagan J.R., Tresilian J., Wing A.M. Coupling of grip force and load force during arm movements with 
grasped objects. Neurosci Lett, 1993. 152, 53-6. 



48 Force Coordination in Object Manipulation
 

Journal of Human Kinetics volume 20 2008,  http://www.johk.awf.katowice.pl 
 

Flanagan J.R., Wing A.M. Modulation of grip force with load force during point-to-point arm 
movements. Exp Brain Res, 1993. 95, 131-43. 

Flanagan J.R., Wing A.M. The role of internal models in motion planning and control: evidence from 
grip force adjustments during movements of hand-held loads. J Neurosci, 1997. 17, 1519-28. 

Flanagan J.R., Wing A.M. The Stability of Precision Grip Forces during Cyclic Arm Movements with a 
Hand-Held Load. Exp Brain Res, 1995. 105, 455-464. 

Freitas P.B., Jr., Krishnan V., Jaric S. Elaborate force coordination of precision grip could be generalized 
to bimanual grasping techniques. Neurosci Lett, 2007. 412, 179-84. 

Gandevia S.C., McCloskey D.I. Changes in motor commands, as shown by changes in perceived 
heaviness, during partial curarization and peripheral anaesthesia in man. Journal of Physiology, 1977. 
272, 673-89. 

Gandevia S.C., McCloskey D.I. Effects of related sensory inputs on motor performances in man studied 
through changes in perceived heaviness. Journal of Physiology, 1977. 272, 653-72. 

Gao F., Latash M.L., Zatsiorsky V.M. Similar motion of a hand-held object may trigger nonsimilar grip 
force adjustments. J Hand Ther, 2007. 20, 300-307. 

Garnett R., Stephens J.A. Changes in the Recruitment Threshold of Motor Units Produced by Cutaneous 
Stimulation in Man. J Physiol, 1981. 311, 463-473. 

Garnett R., Stephens J.A. The Reflex Responses of Single Motor Units in Human 1St Dorsal Interosseous 
Muscle Following Cutaneous Afferent Stimulation. J Physiol, 1980. 303, 351-364. 

Gordon A.M., Quinn L., Reilmann R., Marder K. Coordination of prehensile forces during precision grip 
in Huntington's disease. Exp Neurol, 2000. 163, 136-148. 

Gysin P., Kaminski T.R., Gordon A.M. Coordination of fingertip forces in object transport during 
locomotion. Exp Brain Res, 2003. 149, 371-379. 

Hermsdorfer J., Hagl E., Nowak D.A., Marquardt C. Grip force control during object manipulation in 
cerebral stroke. Clin Neurophysiol, 2003. 114, 915-929. 

Ingvarsson P.E., Gordon A.M., Forssberg H. Coordination of manipulative forces in Parkinson's disease. 
Exp Neurol, 1997. 145, 489-501. 

Jaric S., Collins J.J., Marwaha R. Russell E., Interlimb and within limb force coordination in static 
bimanual manipulation task. Exp Brain Res, 2006. 168, 88-97. 

Jaric S., Knight C.A., Collins J.J., Marwaha R. Evaluation of a method for bimanual testing coordination 
of hand grip and load forces under isometric conditions. J Electromyogr Kinesiol, 2005. 15, 556-63. 

Jaric S., Russell E.M., Collins J.J., Marwaha R. Coordination of hand grip and load forces in uni- and 
bidirectional static force production tasks. Neurosci Lett, 2005. 381, 51-6. 

Jenmalm P., Goodwin A.W., Johansson R.S. Control of grasp stability when humans lift objects with 
different surface curvatures. J Neurophysiol, 1998. 79, 1643-52. 

Johansson R.S., Birznieks I. First spikes in ensembles of human tactile afferents code complex spatial 
fingertip events. Nat Neurosci, 2004. 7, 170-177. 

Johansson R.S., Hger C., Backstrom L. Somatosensory control of precision grip during unpredictable 
pulling loads. III. Impairments during digital anesthesia. Exp Brain Res, 1992. 89, 204-13. 

Johansson R.S., Vallbo A.B. Tactile Sensory Coding in the Glabrous Skin of the Human Hand. Trends 
Neurosci, 1983. 6, 27-32. 

Johansson R.S., Westling G. Programmed and Triggered Actions to Rapid Load Changes during 
Precision Grip. Exp Brain Res, 1988. 71, 72-86. 



by de Freitas et al. 49
 

© Editorial Committee of Journal of Human Kinetics 
 

Johansson R.S., Westling G. Roles of glabrous skin receptors and sensorimotor memory in automatic 
control of precision grip when lifting rougher or more slippery objects. Exp Brain Res, 1984. 56, 550-
64. 

Johansson R.S., Westling G. Signals in tactile afferents from the fingers eliciting adaptive motor 
responses during precision grip. Exp Brain Res, 1987. 66, 141-54. 

Johansson R.S., Westling G., Significance of cutaneous input for precise hand movements. 
Electroencephalogr Clin Neurophysiol Suppl, 1987. 39, 53-7. 

Krishnan V., de Freitas P.B., Jaric S. Impaired Object Manipulation in Mildly Involved Individuals with 
Multiple Sclerosis. Motor Control, 2008. 12, 3-20. 

Latash M.L., Scholz J.P., Schoner G. Motor control strategies revealed in the structure of motor 
variability. Exerc Sport Sci Rev, 2002. 30, 26-31. 

Latash M.L., Scholz J.P., Schoner G. Toward a new theory of motor synergies. Motor Control, 2007. 11, 
276-308. 

Marsden C.D., Rothwell J.C., Traub M.M. Effect of thumb anaesthesia on weight perception, muscle 
activity and the stretch reflex in man. Journal of Physiology, 1979. 294, 303-15. 

Marwaha R., Hall, S.J., Knight C.A., Jaric S. Load and grip force coordination in static bimanual 
manipulation tasks in multiple sclerosis. Motor Control, 2006. 10, 160-177. 

Monzee J., Lamarre Y., Smith A.M. The effects of digital anesthesia on force control using a precision 
grip. J Neurophysiol, 2003. 89, 672-83. 

Nowak D.A., Glasauer S., Hermsdorfer J. How predictive is grip force control in the complete absence of 
somatosensory feedback? Brain, 2004. 127, 182-92. 

Nowak D.A., Glasauer S., Meyer L., Mait N., Hermsdorfer J. The role of cutaneous feedback for 
anticipatory grip force adjustments during object movements and externally imposed variation of the 
direction of gravity. Somatosens Mot Res, 2002. 19, 49-60. 

Nowak D.A., Hermsdorfer J. Digit cooling influences grasp efficiency during manipulative tasks. 
European Journal of Applied Physiology, 2003. 89, 127-33. 

Nowak D.A., Hermsdorfer J., Glasauer S., Philipp J., Meyer, L. Mai N. The effects of digital anaesthesia 
on predictive grip force adjustments during vertical movements of a grasped object. Eur J Neurosci, 
2001. 14, 756-62. 

Nowak D.A., Hermsdorfer J., Marquardt C., Fuchs H.H. Grip and load force coupling during discrete 
vertical arm movements with a grasped object in cerebellar atrophy. Exp Brain Res, 2002. 145, 28-39. 

Nowak D.A., Hermsdorfer J., Marquardt C., Topka H. Moving objects with clumsy fingers: how 
predictive is grip force control in patients with impaired manual sensibility? Clin Neurophysiol, 2003. 
114, 472-87. 

Nowak D.A., Hermsdorfer J. Predictive and reactive control of grasping forces: on the role of the basal 
ganglia and sensory feedback. Exp Brain Res, 2006.  

Nowak D.A., Hermsdorfer J. Selective deficits of grip force control during object manipulation in 
patients with reduced sensibility of the grasping digits. Neuroscience Research, 2003. 47, 65-72. 

Nowak D.A., Hermsdorfer J. Timmann, D., Rost, K., Topka, H. Impaired generalization of weight-
related information during grasping in cerebellar degeneration. Neuropsychologia, 2005. 43, 20-7. 

Pare M., Carnahan H., Smith A.M. Magnitude estimation of tangential force applied to the fingerpad. 
Exp Brain Res, 2002. 142, 342-8. 



50 Force Coordination in Object Manipulation
 

Journal of Human Kinetics volume 20 2008,  http://www.johk.awf.katowice.pl 
 

Rost K., Nowak D.A., Timmann D., Hermsdorfer J. Preserved and impaired aspects of predictive grip 
force control in cerebellar patients. Clin Neurophysiol, 2005. 116, 1405-14. 

Sainburg R.L. Handedness: differential specializations for control of trajectory and position. Exerc Sport 
Sci Rev, 2005. 33, 206-13. 

Schwarz M., Fellows S.J., Schaffrath C., Noth, J. Deficits in sensorimotor control during precise hand 
movements in Huntington's disease. Clin Neurophysiol, 2001. 112, 95-106. 

Srinivasan M.A., Whitehouse J.M., LaMotte R.H. Tactile detection of slip: surface microgeometry and 
peripheral neural codes. J Neurophysiol, 1990. 63, 1323-32. 

Thonnard, J.L., Detrembleur, C., VandenBergh, P.Y.K. Assessment of hand function in a patient with 
chronic sensory demyelinating neuropathy. Neurology, 1997. 49, 253-257. 

Wenzelburger R., et al. Force overflow and levodopa-induced dyskinesias in Parkinson's disease. Brain, 
2002. 125, 871-879. 

Westling G., Johansson R.S. Factors Influencing the Force Control during Precision Grip. Exp Brain Res, 
1984. 53, 277-284. 

Westling G., Johansson R.S. Factors influencing the force control during precision grip. Exp Brain Res, 
1984. 53, 277-84. 

Westling G., Johansson R.S. Responses in glabrous skin mechanoreceptors during precision grip in 
humans. Exp Brain Res, 1987. 66, 128-40. 

Wheat H.E., Salo, L.M., Goodwin A.W. Human ability to scale and discriminate forces typical of those 
occurring during grasp and manipulation. J Neurosci, 2004. 24, 3394-401. 

Zatsiorsky V.M., Gao F., Latash M.L. Motor control goes beyond physics: differential effects of gravity 
and inertia on finger forces during manipulation of hand-held objects. Exp Brain Res, 2005. 162, 300-
308. 

 

Acknowledgments 
The study was supported in part by grant HD-48481 from the 

National Institute of Health, a pilot grant from the National Multiple Sclerosis Society, and a grant from 
the Serbian Research Council #145082 to S. Jaric. 

 

Corresponding author 

Slobodan Jaric, PhD 
Human Performance Lab, University of Delaware 
547 South College Avenue, Newark, DE 19716 
E-mail: jaric@udel.edu  
Phone: +1-302-8316174 
Fax: +1-302-8313693 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice




