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Abstract

The human hand is an amazing and delicate device; its beauty of dexterity
deserves extensive study. However, the redundant nature poses challenge to the study of
hand function. Recently, a concept of prehension synergy was proposed and applied to
the study of multi-finger prehension task. Prehension synergy is defined as the conjoint
changes of finger forces and moments (Zatsiorsky and Latash 2004). In this dissertation,
customized manipulandums were used to explore the prehension synergy. The existence
of prehension synergy was tested and examined in both static and dynamic tasks. The
specific purposes of the investigation of static tasks were: (1) to examine digital force
coordination when both external torques and object geometry are varied; (2) to develop
and test an artificial neural network model to explore the theory on hierarchical control of
prehension; (3) to examine a hypothesis on the principle of superposition in human
prehension; (4) to examine if there is a multi-finger synergy stabilizing the direction of
the total force. The specific purposes of the investigation of dynamic tasks were: (1) to
examine the differential effects of inertia and gravity forces on the grip force-load force
relation under voluntary object manipulation; (2) to examine the internal forces acting on
the object when the object is manipulated in different directions – vertical, horizontal or
diagonal; (3) to examine the control of finger forces and rotational equilibrium during
object manipulation with prescribed torques The following aspects associated with
prehension synergy had been revealed: (a) prehension was organized in a hierarchical
fashion; (b) changes of task parameters result in chain effects; (c) principle of
superposition was valid in both static and dynamic tasks; (d) grip force was adjusted to
the gravity and load forces differently; (e) internal force was coupled with manipulation
force; (f) mechanical advantage hypothesis was supported in both static and dynamic
tasks; (g) anticipation is a major characteristic feature of human prehension in selfgenerated actions. In summary, this dissertation combined the examinations of both static
and dynamic tasks and suggested a line of research for the future study on prehension
synergy.
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Chapter 1
Introduction
The human hand is the most dexterous part of the body. The highly versatile
functions of the human hand depend on both its anatomical structure and the neural
machinery that supports the hand. Mechanically, the hand is complex; it is served by
approximately 30 muscles and has a similar number of degrees of freedom—the entire
system is said to be mechanically redundant. When a task is to produce a certain
mechanical effect by activating several fingers, e.g. to generate a required force or torque,
the effort can be distributed among the involved fingers in many different ways. The
problem is ill-posed. An ill-posed problem exists when a central controller is supposed to
make a choice from a theoretically infinite number of solutions while the criteria for
making a choice are not explicitly stated. How the central nervous system (CNS) controls
such a complex system remains unclear.
The complex performances of the hand were believed to be simplified by the CNS
by employing certain patterns of associated changes of finger forces and moments called
prehension synergies (PS, Zatisorsky and Latash 2004). The PS are manifested via (a)
adjustments to changes in task parameters (Zatisorsky et al. 2003), (b) compensation for
self-induced and/or externally-imposed perturbations (Cole and Abbs 1988; Johansson
and Westling 1988b; Johansson et al. 1992abc; Cole and Johansson 1993; Flanagan and
Wing 1993, 1995; Flanagan et al. 1993; Flanagan and Tresilian 1994; Johansson and
Cole 1994 ), and (c) error compensation revealed in a negative covariation among
elemental variables recorded in different trials (Shim et al. 2003) or in a single trial
(Santello and Soechting 2000).
Studies of PS can (a) contribute to the understanding of the general principles
used by the CNS to solve the problem of motor redundancy; (b) be useful for robotics
engineers to develop mechanical hands and grippers, (c) provide clinically relevant
information.
The hand function can be considered an example of how the CNS solves the
motor redundancy problem (Bernstein 1967). Conceptually, the problem is similar to the
way in which force is distributed among the muscles serving a joint (Buchanan et al.
1986). The study of force distribution among fingers is advantageous because the finger
forces can be measured directly and, consequently, this allows models and hypotheses to
be validated.
Since there is an obvious analogy between the robotic grippers and human hand
functioning, research in motor control and robotics can mutually enrich each other. It is
hoped that the understanding of the human nervous system will let us capture the beauty
of human movement in order to design and control highly versatile dexterous robot
hands.
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Clinically, deterioration of hand function induced by aging and neurological
disorders poses a major challenge. One objective of the research on PS is to provide
recommendations on the improvement of hand function. For instance, some post-stroke
patients have a claw-like hand and are not able to conduct the manipulation naturally. It
is expected that, by using a devices which are designed based on the study of normal
hand function patients can be trained to recover the function partially.

1.1. Statement of the problem
Although the precision grip has been extensively examined (Johansson and
Westling 1984, 1988ab; Cole and Abbs 1988; Cole 1991; Johansson et al. 1992abc; Cole
and Johansson 1993; Santello and Soechting 2000; Zatsiorsky et al. 2002ab), several
aspects of the prehension control have not been addressed in the literature. The following
deficiencies in the existing literature deserve to be mentioned:
(1) In most of the studies, only the two-digit pinch grasps performed with the
thumb and index finger were examined and only static tasks were addressed.
(2) There were no systematic studies on multi-finger prehension when external
torques were applied and varied.
(3) The studies on the effects of object geometry on the multi-finger prehension
control are limited.
(4) The studies on the effects of perturbations on the PS, especially on the multifinger PS, are limited.
The main purpose of this dissertation is to investigate the digit coordination
during multi-finger prehension under both static and dynamic conditions and to address
the deficiencies mentioned above. Under dynamic conditions, both self-induced and/or
externally-imposed perturbations are examined. Subjects are requested to stabilize/hold
or manipulate a customized handle while the normal and tangential forces of five digits
are recorded. Only prismatic precision grip is examined due to both its simplicity to
implement and its popularity during daily activities.
The specific purposes of the investigation of static tasks are:
(1)
(2)
(3)
(4)

to examine the digit forces coordination when both external torques
and object geometry are varied;
to develop and test an artificial neural network model to explore the
theory on hierarchical control of prehension;
to examine a hypothesis on the principle of superposition in human
prehension;
to examine if there is a multi-finger synergy stabilizing the direction of
the total force.

The specific purposes of the investigation of dynamic tasks are:
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(1)
(2)
(3)

to examine the differential effects of inertia and gravity forces on the
grip force-load force relation under voluntary object manipulation;
to examine the internal forces acting on the object when the object is
manipulated in different directions – vertical, horizontal or diagonal;
to examine the control of finger forces and rotational equilibrium
during object manipulation with prescribed torques.

1.2. Hypotheses
The following testable hypotheses will be explored.
Static tasks
H-1. (i) When performing similar tasks, different subjects use similar multi-digit
synergies. (ii) Change of object geometry results in conjoint changes of the digit forces.
(iii) The observed conjoint changes of the digit forces can be explained/predicted by the
chain effects (the chain effects will be explained in Appendix B).
H-2. Neural network modeling supports the theory of hierarchical control of
prehension.
H-3. (i) Forces and moments of individual digits are defined by two independent
commands: “Grasp the object stronger/weaker to prevent slipping” and “Maintain the
rotational equilibrium of the object”. (ii) The effects of the two commands are additive.
(iii) The principle of superposition is used in multi-digit prehension.
H-4. (i) The target direction significantly affected the constant error (CE) but not
the variable error (VE). (ii) The direction of the forces produced by fingers that were not
explicitly required to produce force (enslaved fingers) depended on the target direction.
(iii) A multi-finger synergy is involved in the control of the finger force direction.
Dynamic tasks
H-5. (i) People adjust the grip force to the force of gravity and inertial force
differently. (ii) The grip force during manipulation can be partitioned into the static,
dynamic and stato-dynamic fractions. (iii) The dynamic and stato-dynamic fractions of
the grip force respond differently to the variation of the object mass and acceleration.
If these hypotheses are confirmed, this would mean that ‘motor control goes
beyond physics’ (according to the basic physics the effects of gravity and acceleration are
identical and cannot be separated by any local physical experiment).
H-6. (i) During object manipulation, people —in contrast to the strategies used in
robotics—adjust internal forces to the manipulation force. (ii) During parallel
manipulation the CNS uses a symmetric GS while during orthogonal manipulation the
internal forces are determined by the mechanical properties of the hand and the antisymmetric GS. (iii) At the level of the virtual finger, both the internal force and internal
moment are acting. (iv) In a trial, the moments of the normal and tangential forces
correlate negatively and cancel each other.
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H-7. (i) The rotational equilibrium was maintained by two mechanisms: (a)
Concerted changes of the moments produced by the normal and tangential forces,
specifically anti-phase changes of the moments during the tasks with zero external torque
and in-phase changes during the non-zero-torque tasks, and (b) Redistribution of the
normal forces among individual fingers. (ii) The principle of superposition is valid in the
dynamic tasks.

1.3. Delimitations of the study
The following delimitations of the study should be mentioned:
i)
the sample population is limited and may not represent a larger
population;
ii)
only male subjects are recruited in the study in that the task requires large
force production in general;
iii)
only the dominant hand is used to perform the tasks and the non-dominant
hand is not examined;
iv)
the handle size and sensors location are not adjusted to account for
individual differences in the hand size (however the participants with very
large or small hands are not recruited in the study);
v)
due to the employed handle geometry, the thumb and finger tips are
constrained to a single plane.
vi)
only the planar tasks are studied.

1.4. Definition of terms
Constant error (CE) is an average deviation from the target.
Contact is a collection of adjacent points where a finger tip touches an object
surface over a contiguous area. The plane of contact is the plane tangential to the
contacting surface at the point of contact.
Grasping synergy (GS) is a conjojnt change of the normal digit forces.
- Symmetric GS: the forces of the thumb and VF increase/decrease by equal
amount.
- Anti-symmetric GS: increase/decrease of the thumb force is accompanied by
the equal decrease/increase of the VF force.
Grasp stiffness: an instantaneous static relation between contact forces and
fingertip deflections.
Grasp stiffness matrix is a matrix with elements
∂f p
or
δ f p = −K p δ x p where ∂f p is a differential of the linear force and
Kp = −
∂x p
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moment with respect to the local coordinates and δ x p is a small change in the position
and orientation of the contact.
Grasp compliance: an inverse of grasp stiffness.

Grip force (also called grasp force): the term is used to characterize two equal
and opposite normal forces acting on the object. For the vertical handle orientation at rest
or during the vertical movement the forces are equal and the term works fine. However, if
the handle is inclined or is accelerated horizontally, the normal forces exerted by the
thumb and the four fingers are not equal anymore, and the term grip force has no precise
meaning.
Handle orientation (also called grasp orientation): the angle between the
longitudinal axis of the handle and the vertical. At the vertical handle orientation the
angle is zero.
Manipulation (of the object)
Direction of manipulation (or motion) is defined with respect to either
vertical or the horizontal axes.
Orthogonal manipulation: the object motion is at the right angle to the
handle orientation, e.g. oscillating a vertically oriented handle in the horizontal
plane or a horizontally oriented handle in the vertical plane.
Parallel manipulation: the handle orientation and the direction of
manipulation are along the same axis (e. g. oscillating a vertically oriented
handle in the vertical direction or a horizontally oriented handle in the
horizontal direction).
Internal force: a set of contact forces which can be applied to the object without
disturbing its equilibrium (Mason and Salisbury, 1985)
Load force: the resultant (net) force acting on the hand-held object in the vertical
direction; a vertical component of the manipulation force.
Manipulation force: the resultant (net) force acting on the hand-held object.
Normal force: the force exerted by a fingertip perpendicularly to the contacting
surface at the point of contact.
Precision grip: a grip when an object is held with the tips of the fingers and thumb
(Napier 1992).
Prehension synergy (PS) is a conjojnt change of digit forces (Zatsiorsky and
Latash 2004).
Prismatic grip: a precision grip in which the thumb acts in opposition to the
fingers. During the precision grip two virtual fingers are acting (Virtual Fingers are
defined later in this section).
Slip force: the minimal grip force that is necessary to prevent an object from
slipping out of the hand (Johansson and Westling 1984).
Safety margin: the grip force applied on the apparatus in excess of the minimum
grip force required to prevent the object from slipping (Westling and Johansson 1984)
Tangential force: the force exerted by a fingertip in the plane of contact.
Variable error (VE) equals the standard deviation from the average.
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Virtual finger (VF): an imaginary finger that produces a wrench (the force and
moment) equal to the sum of wrenches produced by all the fingers (Arbib et al. 1985;
Cutkosky 1989; Iberall 1987; MacKenzie and Iberall 1994; Santello and Soechting 1997,
2000; Shim et al. 2003).

1.5. Overview of the dissertation
Overall, there are seven Chapters. Chapter 1 (this one) is an introduction to the
dissertation. Chapter 2 reviews related literature and highlights the contribution of this
dissertation to the knowledge base. A series of studies, covered from chapter 3 to chapter
6 and from appendix B to appendix D, are grouped into two major parts: i) static tasks
and ii) dynamic tasks. In chapter 7 all included studies are summarized.

1.5.1. Part I: Static tasks
In this part, four studies are included: (I) Prehension synergies: effects of
geometry and prescribed torques (Appendix B); (II) Neural network modeling of the
hierarchical prehension control (Chapter 3); (III) The principle of superposition in
Human prehension (Appendix C); (IV) Control of finger force direction (Chapter 4).

1.5.1.1. Study I: Prehension synergies: effects of geometry and prescribed torques
Subjects stabilized a handle with an attachment that allowed for change of
external torque. The thumb position and the width of the handle systematically varied
among the trials. Each subject performed 63 tasks (7 torque values, 3 thumb location, 3
widths). Forces and moments exerted by the digit tips on the object were recorded.

1.5.1.2. Study II: Neural network modeling of the hierarchical prehension control
A theory on hierarchical organization of the control of human prehension was
tested by comparing the performance of neural networks of different designs. Inputs into
networks were external torque, handle width, and thumb location whereas the outputs
were the individual digit forces. A Monte-Carlo approach is used to evaluate the
performances of networks with different designs.
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1.5.1.3. Study III: The principle of superposition in human prehension
The subjects held statically instrumented handles using prismatic grips. The task
was similar to holding a glass filled with a liquid. The weight of the object and the
magnitude of the resisted torque varied systematically among the trials. Forces and
moments exerted by the digit tips on the object were recorded.

1.5.1.4. Study IV: Control of finger force direction
Nine subjects produced fingertip forces in a prescribed direction with a maximum
voluntary contraction (MVC) effort and held the peak force for two seconds. Six finger
combinations were tested, four single-finger tasks—Index (I), Middle (M), Ring (R) and
Little (L)—one two-digit task (IM), and one four-digit task (IMRL). The subjects were
asked to generate the finger forces in two directions, 0° (perpendicular to the surface of
the transducer) and 15° toward the palm. In all task conditions, there were two
experimental sessions, with and without visual feedback on the task force vector.

1.5.2. Part II: Dynamic tasks
In this part, three studies are included: (V) Differential effects of gravity and
inertia on finger forces during manipulation of hand-held objects (Appendix D); (VI)
Internal forces during object manipulations (Chapter 5); (VII) Maintaining rotational
equilibrium during object manipulation (Chapter 6).

1.5.2.1. Study V: Differential effects of gravity and inertia on finger forces during
manipulation of hand-held objects
Subjects oscillated in the vertical plane a vertically oriented handle loaded with
five different weights (from 3.8 N to 13.8 N) at three different frequencies, 1 Hz, 1.5 Hz
and 2.0 Hz. Three contributions to the grip force—static, dynamic, and stato-dynamic
fractions— were quantified. Forces and moments exerted by the digit tips on the object
are recorded. The movement of the handle is also recorded by using an accelerometer.
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1.5.2.2. Study VI: Internal forces during object manipulations
The subjects were instructed to make cyclic arm movements with a customized
handle. Six combinations of handle orientation and movement direction were tested.
These involved parallel manipulations, orthogonal manipulations and diagonal
manipulations. Handle weight (from 3.8 to 13.8 N), and movement frequency (from 1 Hz
to 3 Hz) were systematically changed.

1.5.2.3. Study VII: Maintaining rotational equilibrium during object manipulation
Subjects oscillated in the vertical plane a vertically oriented handle with five
different torques at three different frequencies, 1 Hz, 1.5 Hz and 2.0 Hz. Forces and
moments exerted by the digit tips on the object are recorded. The movement of the handle
is also recorded by using an accelerometer.
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Chapter 2
Literature review

2.1 Overview
Firstly, literature concerned with the general concepts of prehension is reviewed
(§2.2). Mechanics of grasp is reviewed next (§2.3). Reviews on neural networks (§2.4)
follows thereafter.

2.2 Prehension
Prehension, the act of seizing or grasping, is a frequent activity in daily life. It
usually involves the holding of an object for a purpose of manipulating, restraining, or
feeling it. This section consists of six parts: (1) classification of prehensile actions, (2) the
concepts of virtual finger and opposition space, (3) muscle activity in prehension, (4) role
of tactile sensing, (5) forces in prehension and (6) prehension synergies.

2.2.1 Classifications of prehensile actions
Many attempts have been made to classify hand postures from various
perspectives such as medicine, biomechanics, robotics, and occupational therapy (Table
1). Schlesinger (1919) was the first to provide a classic taxonomy depicting the versatility
of the human hand; the classification was aimed to facilitate designing functionallyeffective prosthetic hands.
Napier (1992) proposed that power and precision requirements of tasks should be
met by the power and precision capabilities of the human hand. Power grasps are
characterized by large areas of contact on the fingers and the palm; these grasps are
useful where stability, security, or high forces are important. When the sensitivity and
dexterity are pursued precision grasps are used. In this case, the object is held with the
tips of the fingers and thumb. In robotics literature, the power grasps —the grasps in
which the object is contacted by the palm and proximal phalanges—are sometimes called
the enveloping grasps, while the precision grasps are called fingertip grasps (Trinkle et al.
1987).
Cutkosky and Howe (1990) extended the Napier precision/power dichotomy by
further breaking down each category into sub-categories. For instance, based on the
object shape they proposed two subcategories of precision grasp. For long objects the
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prismatic precision grasps are used; there are four potential configurations to choose: 2-,
3-, 4- or 5-finger precision grasps. For compact objects the circular precision grasps are
commonly chosen; in addition, disk, sphere or tripod grasps are used depending on the
corresponding object shapes.
Jacobson and Sperling (1976) proposed a detailed coding system which describes
the grips of healthy and injured hands. The authors encoded the grasps in terms of
configurations of the fingers and palm, contact surfaces of the fingers and palm with
objects.
Some prehension classifications are very detailed and include many classes. For
instance, Kamakura et al (1980) photographed the finger positions and contact areas
while the subjects grasped 98 different objects. Fourteen identical patterns were
identified: five patterns of power grip, four of intermediate grip, four of precision grip,
and one other. The subjects grasped 31 of 98 objects in an identical pattern and the rest of
the objects, 67, in two or more patterns.
The posture chosen for the grasp is affected by multiple factors including object
shape, size, weight, surface characteristics and human motivations (Mamassian 1997;
Paulignan et al. 1997a; Churchill et al. 2000; Marotta et al. 2001). Among these factors
the goal of the task or the intended activity seems to be the most important.
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Table 1. Classifications of prehension from the literature

Researchers
Cooney et al. 1977
Cutkosky 1989

Griffiths 1943
Iberall 1986
Jacobson et al.
1976
Kroemer 1986

Landsmeer 1962
Lister 1977

Napier 1956
Schlesinger 1919

Skerick et al. 1971

Postures names
Grasp
Tip pinch
Palmar pinch
Lateral pinch
Large diameter heavy wrap
4-finger precision grasp
Small diameter heavy wrap
3-finger precision grasp
Medium warp
2-finger precision grasp
Adducted thumb wrap
Disk precision grasp
Light tool wrap
Spherical precision grasp
Disk power grasp
Tripod precision grasp
Spherical power grasp
Lateral pinch
5-finger precision grasp
Hook, platform, push
Cylinder grip
Ball grip
Palm opposition
Side opposition
Pad opposition
A coding system for fingers, finger positions, finger joint positions,
contact surfaces, and orientation of object’s longitudinal axis with
respect to the hand
Disk grip
Lateral grip
Collect enclosure
Precision or writing grip
Power grasp
Hook grip
Pinch or pliers grip
Finger touch
Tip grip
Palm touch
Power grasp
Precision handling
Span
Chuck grip
Power grasp
Key pinch
Precision pinch
Hook grip
Pulp pinch
Flat hand
Power grip
Combined grip
Precision grip
Hook grip
Open fisted cylindrical grasp
Cylindrical w/add. thumb
Close fisted cylindrical grasp
Flat/thin(2 finger)pincer
Spherical prehension
Large(5 finger)pincer
Palmar prehension (pincer)
Three-jaw chuck
Tip prehension
Nippers prehension
Lateral prehension
Hook prehension
Power grip
Tip pinch
Two point palmar pinch
Link grip(lateral pinch)
Three point palmar pinch
Hook grip
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2.2.2 Virtual finger and opposition space
Arbib et al.(1985) recorded the way subjects grasped mugs of different size and
based on these experiments proposed the virtual finger concept. Although—depending on
the size of the mug handle—different fingers were involved in the grasp, the underlying
generalized pattern was the same: a finger was placed on the top of the handle while one
or more fingers were placed inside the handle, against the top of the handle. It was shown
that the action of two or more fingers can be reduced to the action of one imaginary
finger that was called the virtual finger. In addition to two virtual fingers, an extra finger
can apply a force to counteract a task-related force or torque; the latter finger was called a
virtual finger three. During the prehensile actions, regardless of the grasping type used,
an opposition between the virtual fingers and the thumb was always observed.
A concept of opposition space was used as a basis of classification (Iberall and
MacKenzie 1990); the concept provided a set of state variables that quantify a posture
both in physical terms (magnitude and orientation of force vectors) and abstract terms
(types of oppositions, virtual finger mapping). Several state variables were used to
characterize the opposition space: a) the type of oppositions (pad, palm, and/or side); b)
the virtual to real finger mapping; c) virtual finger state variables that are determined for
each virtual finger in each opposition being used.
Iberall et al. (1986) proposed three basic opposition types:
• Pad opposition: between thumb pad and finger pad, e.g. holding a needle.
• Palm opposition: between palm and digits, e.g. grasping a large hammer.
• Side opposition: either between thumb pad and side of index finger or between
the sides of fingers, e.g. holding a key.
Three-finger grasp tasks (tripods) are examined much more often than other
grasping combinations, probably due to their broad applications and simple experimental
setup. Baud-Bovy and Soechting (2001) showed that in tripod grasping two finger forces
act as a single functional unit even if the fingers are not located closely together. A threevirtual-finger grasp for the tripod grasp was also proposed (Cutkosky and Howe 1990).
By studying the reach and grasp of sphere-shaped objects, Gentilucci et al. (2003)
demonstrated that grasp is accomplished by using two virtual fingers formed by the
thumb and one or more other fingers that synchronously open and close on the object
along the opposition space.
Multi-finger prismatic grasps have also been studied (Flanagan et al. 1999;
Santello and Soechting 2000; Zatsiorsky et al. 2002ab; Zatsiorsky et al. 2003; Shim et al.
2003, Zatsiorsky and Latash 2004). In this configuration, the four fingers function as one
functional unit (virtual finger) opposing the thumb.
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2.2.3 Muscle activity in prehension
The muscles serving the fingers are grouped according to function and location.
Based on the location the muscles are classified as extrinsic muscles (the muscles that
originate outside the hand and insert within it) and intrinsic muscles (the muscles that
originate inside the hand and insert within it too). It is widely accepted that the extrinsic
muscles produce the powerful but crude movements of the digits while the intrinsic
muscles in the palm produce the weak but intricate and precise digits movements that
characterize the human hand (Long 1968; Long et al. 1970; An 1983; Jacobson et. al.
1992; Darling et. al. 1994; Maier and Hepp-Reymond 1995ab; Mahaffey 1999; Kozin et.
al. 1999; Huesler et. al. 2000; Milner and Dhaliwal 2002).
Architectural features of hand muscles, such as muscle length, mass, fiber
pennation angle, fiber length, and sarcomere length and physiological cross-sectional
area (PCA), determine their functional capacities (Jacobson et al. 1992). Intrinsic muscle
lengths are relatively similar to one another. Lumbrical muscles have a high fiber
length/muscle length ratio, implying a high excursion. The first dorsal interosseous and
adductor pollicis have larger PCAs than other intrinsics. This feature highlights their
major contribution to strength production. The interosseous muscles have relatively high
PCAs with low fiber length/muscle length ratios, suggesting their adaptation for high
force production and low excursion.
Intrinsic muscles play an important role in the function of prehension. According
to the EMG studies (Basmajian 1978), the abductor pollicis brevis is significantly
activated during opposition and flexion of the thumb as well as in the thumb abduction.
The opponens pollicis shows strong activity in abduction and flexion of the metacarpal
joint as it does in opposition. The flexor pollicis brevis shows considerable activity in
opposition as well as in flexion and adduction. The adductor pollicis is active in
adduction and opposition and only to a slight extent in flexion of the thumb. The flexor
pollicis brevis was the most active muscle during grasping a nail. However, it was not
activated much when a glass of water was held. It may suggest that the more the thumb is
abducted as happens in holding the glass, the less the flexor brevis contributes to a firm
grip. The flexor pollicis brevis, which provides firmness of grip when the abduction is
small, is replaced by that of the opponens pollicis when a large amount of abduction is
needed. The activity of the opponens coupled with that of the abductor will contribute to
a firm grip when there is no flexor activity.
Deficiencies occured in the intrinsic muscles can severely affect the hand function
in prehension. Kozin et al. (1999) simulated low median and/or low ulnar nerve lesions
and found: (a) average decrease in grip strength 38% after ulnar nerve block and 32%
after median nerve block; (b) the total grip loss 49% as compared with the normal
strength; (c) significant decrease in the force production of the long, ring, and small
fingers but not the index finger; (d) significant decrease in key pinch force, up to 77%
after ulnar block and 60% after median block with a further decrease after combined
block to 85%.
Extrinsic muscles pass through the wrist and hence take part not only in finger
function but also in wrist motion and stability, which are important elements in
prehension. During extension of the wrist the extensor carpi radialis brevis is more active
than the carpi radialis longus regardless of the movement speed (Tournay and Paillard
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1953). However, during prehension or fist-making the roles of these two muscles are
reversed and the longus serves as a synergist of the extensor carpi radialis brevis. When
the wrist is extended the extensors and flexors are reciprocally activated while such
extensors as carpi radials, carpi ulnaris, and the extensor digitorum work synchronously.
In the wrist flexion, the carpi radials, ulnaris and digitorum superficialis act as synergists
(Backdahl and Carlsoo 1961). In abduction and adduction, the appropriate flexors and
extensors act reciprocally.
Extrinsic muscles and intrinsic muscles usually work together. The long tendons
of the fingers provide the gross motion of opening and closing of the fist at all the joints
simultaneously and the intrinsic muscles play important roles in movements departing
from simple total opening or closing (Chao et al. 1976; Long 1968; Long et al. 1970;
Maier and Hepp-Reymond 1995ab). In power grip the extrinsic muscles provide the
major gripping force (Long et al. 1970). The major intrinsic muscles involved in power
grip are the interossei; only the fourth lumbricalis is significantly involved (Long et al.
1970).
Still, the precise value of the relative contribution of the intrinsic and extrinsic
muscle into the total force production remains mainly unknown. Li et al (2001) suggested
a method for the estimation of the contribution of the intrinsic and extrinsic muscles into
the force production in finger pressing tasks. The method is based on application of force
at different sites along the finger that allows for different involvement of the intrinsic and
extrinsic muscles (Li et al. 2000b; Latash et al. 2002). To examine the effects of the
extensor mechanism on the force production of finger flexors in balancing an external
load a mathematical model of a finger was constructed. In this model, the intrinsic
muscles were lumped into one virtual intrinsic muscle. The model was based on the static
equilibrium conditions and accordingly three equations of the moments around the finger
joints were formed. For comparison, a model without extensor mechanism was also
evaluated (Figure 1). The results indicated that the effects of the extensor mechanism on
the flexors were relatively small when the force was applied distally to the PIP joint
while the effects were significant when the force was applied proximally to the PIP joint.
When the force was applied at the distal phalanx, the flexor digitorum profundus (FDP)
and flexor digitorum superficialis (FDS) accounted for over 80% of the flexing force.
When the force was applied at the DIP joint, the FDS accounted for more than 70% of the
flexing force. The intrinsic muscle accounted for more than 70% of the flexing force
when the force was applied at the PIP joint.
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Figure 1. (A): Finger model with extensor mechanism. (B): Finger model without
extensor mechanism (From Li et al. 2001).
Because all the finger flexors and extensors are multi-joint muscles they generate
the moments of force at all the joints that they cross. It can be proved mathematically that
a set of joint moments of a kinematic chain (finger) uniquely defines the endpoint force;
therefore, it can be said that each finger muscle exerts a finger tip force in a certain
direction (for a detailed explanation see Zatsiorsky 2002, p. 153). If the endpoint force is
exerted in other directions, this can only be achieved by combining forces of several
muscles. When modulating fingertip force magnitude across the voluntary range, the
number of contributing muscles and the relative activity among them is not changed
(Valero-Cuevas 2000). So far, the ‘directions of the muscle forces’, i.e. the directions of
the endpoint force resulting from individual muscle-tendon forces, are reported for only
the thumb (Pearlman et al. 2004). The thumb-tip force vectors do not scale, however,
linearly with tendon tensions; the thumb may act as a "floating digit" affected by loaddependent trapezium motion.
From the standpoint of neural control, the most important difference between the
intrinsic and extrinsic muscles is that the former serve just one finger while the latter
provide tendinous connections to four fingers together. This anatomical arrangement
poses a challenge to explain: how can the central controller control individual finger
movements if a signal (command) sent to one finger is always accompanied by the
command sent to other fingers? In an attempt to gain more insight into this problem a
neural network model was developed (Zatsiorsky et al. 1998; Li et al 2000; see §2.4.2 for
details). In the model the central command is sent to the input layer and then mapped by
an inter-finger connection matrix to the output layer representing finger force output. The
middle layer represents muscles serving several fingers simultaneously (extrinsic, multidigit muscles). The network also involves direct connections between the input and
output layers that represent signals to the hand muscles serving individual fingers
(intrinsic, single-digit muscles). The model allows for computing the inter-finger
connection matrix as well as the gains (the coefficients) that relate the command intensity
to the force at the finger tips that is due to the single-digit muscles. The command
intensity can vary from zero (no force) to 1.0 (maximal force). If both the inter-finger

16
connection matrix and the finger forces in a prehension task are known the command
intensities can be determined (Zatsiorsky et al. 2003).
The results of the above neural network modeling served as a background for the
mode hypothesis (Danion et al. 2003) according to which the CNS controls the finger
activity via the so-called modes: the commands that are sent to all the fingers
simultaneously. Prior to the transmission of the commands to the individual fingers, they
undergo a linear transformation being multiplied by the interfinger connection matrices.
In this model, only one parameter, a gain factor G that depends on the number of fingers
involved in the task, is needed to adjust the inter-finger connection matrix (weight
coefficients) to the force production task.

2.2.4 Role of tactile sensing
Receptors that convert mechanical stimuli into the neural signals reside in skin,
muscles and joints. There are around 17,000 cutaneous mechanoreceptors innervating the
glabrous skin of one hand (Vallbo and Johansson 1984). These cutaneous
mechanoreceptors transfer signals to myelinated afferent fibers with fast conduction
velocities of 35-80 m/s (Johansson and Vallbo 1983). When objects are grasped, skin
receptors provide information on skin stretch, contact with objects, mechanical
deformations and interactions with the object in a hand-centered coordinate system. In
addition to mechanoreceptors in the skin and subcutaneous tissues, joint, muscle and
tendon receptors provide proprioceptive information during contact and manipulation.
Proprioceptors provide information about the relative position of body segments with
respect to one another and about the position of the body in space, including mechanical
displacements of muscles and joints.
The hand becomes less sensitive to small forces and vibrations as more force is
applied (Howe and Cutkosky 1989). In psychophysics, two concepts, absolute threshold
and differential threshold are widely used. The absolute threshold equals the smallest
stimulus level necessary to produce a sensation. The differential, or difference, threshold
equals the amount of change in a stimulus required to produce a just noticeable difference
in the sensation. Dependence of the difference threshold on the intensity level of a
stimulus is known as Weber’s law. The scaling factor between the change of stimulus
intensity that can be just discriminated and the starting intensity of the stimulus is called
Weber’s fraction. The Weber’s fraction provides an index of sensory discrimination,
differential sensitivity. When the hand is lightly loaded the skin is disassociated somehow
from the more rigid bone and muscles of the inner structure of the hand. Small forces or
motions can cause substantial motion of the skin, in which many sensors are located,
resulting in good tactile sensitivity. As the contact force increases, however, pressure
beneath the skin increases and the skin and hand structure become coupled. The fingertip
tissue becomes stiffer and task forces produce smaller skin motion and hence the tactile
sensitivity decreases.
The human fingertip tissue can be modeled as non-linear viscoelastic material. It
has been demonstrated that a non-linear viscoelastic model comprised of an instantaneous
stiffness function and viscous relaxations function was capable of predicting fingertip
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tissue force response under loadings (Jindrich et al. 2003). A similar non-linear
viscoelastic model worked well for the tangential displacement of the finger pad (Pataky
2004; Pataky et al. 2005 in press).
The placement of finger contacts is also important for the tactile sensitivity. The
mechanoreceptors responsible for our most acute tactile sensitivity are concentrated at the
fingertips, hence sensitivity will improve if these areas are in contact with the object.
Hence, fingertip (precision) grasps provide a better sensitivity than the power
(enveloping) grasps.
Extensive studies have been done to better understand the mechanisms and role of
tactile sensing during grasping tasks (Gentilucci et al. 1997; Jenmalm et al. 2000;
Johansson 2002; Macefield et al. 1996). There are four distinct mechanoreceptors in the
human skin: Merkel receptors, Meissner corpuscles, Pacinian corpuscles, and Ruffini
corpuscles. Johnson (2001) showed that each of the four mechanoreceptive afferent
systems innervating the hand serves a distinctly different perceptual function, and that
tactile perception can be understood as the sum of these functions. The Merkel cells
provide a high-quality neural image of the spatial structure of objects and surfaces that is
important to the form and texture perception. The Meissner corpuscles provide signals of
a transient skin motion which is critical for grip control and information about the motion
of objects contacting the skin. The Pacinian corpuscles provide a neural image of
vibrations transmitted to the hand from objects grasped in the hand. The Ruffini
corpuscles provide a neural image of skin stretch over the whole hand. Based on tactile
sensing, people adjust grip force to load force according to the friction condition at the
digit-object interface (Johansson and Westling 1984; Cole and Johansson 1993;
Forssberg et al. 1995). This adaptive adjustment is essential for preventing slipping of the
object. The effect of surface friction could be dissociated from the effect of either surface
texture or coating; the friction appears to be a more important factor in determining the
grip force than surface texture (Cadoret and Smith 1996).
With advanced instruments developed in recent years, more research has focused
on the correlation between tactile input and brain function. Magnetic resonance imaging
(MRI) of the lateral cerebellar output nucleus (dentate) of humans during passive and
active sensory tasks revealed that finger movements that were not associated with tactile
sensory discrimination produced no dentate activation (Parsons et al. 1997). By using
functional MRL Stoeckel et al. (2004) found that during tactile object discrimination the
anterior portion of the superior parietal cortex was specifically activated by movementevoked kinaesthetic signals while similar area in the contralateral hemisphere was related
to the storing of tactile information for subsequent object discrimination.
Prehensions performed by patients with different neuropathies were examined in
some studies. Children with cerebral palsy were able to modify their grip force according
to friction between the fingertips and the object and could use tactile information for
anticipatory control of the force-scaling of the precision grip, but they seemed to need
predictable conditions and successive lifts to build up memory representation of an
object's friction (Eliasson et al. 1995; Gordon and Duff 1999). When patients with
Huntington's disease lift an object of unpredictable weight they show slowed lift timing
and increased variation with lightweight objects. It was concluded that these patients
have a reduced ability to process tactile information (Schwarz et al. 2001). Similarly,
Nowak and Hermsdorfer (2003) investigated whether or not cooling of the grasping digits
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affects scaling of the grip force to the loads when subjects performed continuous vertical
arm movements with a grasped object. As the result of cooling, the subjects exerted
significantly higher grip force; this indicated that reduced sensory feedback from the
grasping fingers impair the economic scaling of grip force level. Similar facts have been
observed with digital anesthesia (Monzee et al. 2003). Hence it seems that cutaneous
afferents are required for setting and maintaining the background level of the grip force
(Augurelle et al. 2003).

2.2.5 Forces in prehension
When people hold a vertically oriented object statically with a prismatic grasp,
they exert a grasp force (normal force) and a load force (tangential force). The grasp
force is larger than or equal to the minimal force necessary to prevent slip; the difference
between the actual grasp force and the minimal one was called safety margin (Johansson
and Westling 1984), SM = Fn- Fn-Slip and Fn-Slip =Ft/µ, where superscript n represent grasp
force (normal force), t stands for load force (tangential force), µ is the coefficient of
friction. In some studies, SM was represented as a percentage of the above difference
with respect to the actual grasp force (Burstedt el al. 1999); in this case SM = [(Fn- FnSlip
)/ Fn]×100%. To secure a stable grasp in statics the following conditions should be
satisfied: (1) the object must be in equilibrium (no net forces and torques); (2) the
direction of the applied forces must be within the cone of friction; and (3) it should be
possible to increase the magnitude of the grasping force to prevent any displacement due
to an arbitrary applied force.
The hand is a redundant system in terms of both kinematics and kinetics, hence
there are many possible solutions which can be used by the CNS to grasp and manipulate
an object. For instance, to secure a stable grasp, there are infinite ways to distribute the
digits forces in order to achieve the task goal. Many studies have examined the
distribution of grasp forces among the fingers (Ohtsuki 1981; Amis 1987; Radwin et al.
1992; Kinoshita et al. 1995; Li et al. 1998b; Zatsiorsky 2002ab) during prehension. Three
phenomena have been observed during precision gripping as well as in pressing tasks: (1)
force sharing – the total fingers force is shared among the fingers in a certain manner
(Amis 1987, Radwin et al. 1992, Kinoshita et al. 1995, Li et al. 1998ab); (2) force deficit
– the force produced by a given finger in a multi-finger maximal voluntary contraction
(MVC) task is smaller than the maximal force generated by this finger in a single-finger
task (Ohtsuki 1981; Li et al. 1998ab, 2001b); and (3) enslaving – the fingers that are not
required to produce any force by instruction are involuntarily activated (Latash et al.
1998; Li et al. 1998ab; Zatsiorsky et al. 1998, 2000). Enslaving effects can be attributed
to the three sources/mechanisms: (1) peripheral connections, both tendinous (Leijnse
1997) and intermuscular myofascial (Huijing 1999ab) (2) multi-digit motor units in the
extrinsic muscles (Kilbreath and Gandevia 1994), and (3) central neural connections
(Schieber and Hibbard 1993). Control of movements of individual fingers is distributed
widely in the M1 hand area (Schieber and Poliakov 1998).
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Although the hand is mechanically redundant and the potential solutions are
seemingly innumerous, the number of practical solutions is limited by a variety of
constraints. The constraints may be grouped into (1) physical constraints, such as object
properties, mechanical constraints; (2) neuro-physiological constraints, such as anatomy
and physiology of the hand, and (3) high level constraints, such as task requirement,
motivation etc.
The laws of physics impose limitations on the forces of prehension. For example,
holding a vertically oriented object in the air at rest requires that the normal force of the
thumb and the total force of the opposing fingers be equal in magnitude and opposite. To
prevent the rotation of an object during grasping, the individual fingers should produce
forces such that the total moment of force balances the total torque applied on the object.
Hence, force sharing patterns in gripping tasks are partially determined by mechanical
constraints. In particular, force sharing patterns among fingers during prehension are
strongly dependent upon the thumb location (Li et al., 1998b) and handle shape (Cochran
and Riley 1986). It was also demonstrated that subjects adjust fingertip forces at each
contact to the local friction (Burstedt et al. 1999).
The anatomy and physiology of the hand create structural limitations on force and
control of prehension. One example is the well-documented phenomenon, enslaving. The
grip force, as well as individual finger forces, also depends on the wrist angle
(Lamoreaux and Hoffer 1995; Halpern and Fernandez 1996; Li 2002). Lamoreaux and
Hoffer (1995) reported dramatic drop of total grip force with the wrist in maximal ulnar
and maximal radial deviation as compared with the neutral anatomic position. Li (2002)
explored the individual finger forces during voluntarily movement at the wrist joint. The
maximum finger forces were produced at 20 degrees of wrist extension and 5 degrees of
ulnar deviation with the force-sharing percentages 32.2%, 32.67% 23.5% and 11.7% for
the index, middle, ring and little finger, respectively. With the wrist deviated further
away from this position, the forces produced by individual fingers decreased but not in a
proportional manner. Napier (1993) showed that the wrist in 30-40 degrees of extension
is in the optimal position for gripping. In full flexion of the wrist the hand can exert only
25 percent of its force in full extension.
At the highest level, the constraints can be informational, motivational, social, etc.
For example, the subject may be instructed to hold the handle with minimum effort. Since
subjects have individual differences, they will interpret the instruction differently and, as
a result, different patterns of digit forces, e.g. different force magnitudes and force
sharing, will be recorded. When there is an unexpected perturbation applied on the handheld object, one common instruction is “do not intervene”, this instruction is very
subjective and not well controlled by the experimenter.
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2.2.6 Motor Redundancy in Prehension
It was already mentioned in the preceding section that the grasping hand is a
mechanically redundant system: while a grasped rigid object has only six degrees of
freedom (DoF) the grasping digits produce 30 force/moment components (5 digits × 6
force & moment components per digit). Hence the dimensionality of a transformation
matrix that relates the individual finger forces and moments with the resultant forces and
moments acting on the object is 6×30 and the matrix is not a full rank. It has been
mentioned in the literature, that the grasping hand is a convenient object for studying
motor redundancy in human motion because all the digit forces can be measured (Li et al.
1998b). This section deals with the approaches used for studying motor redundancy in
prehension. We start, however, with a brief discussion of the motor redundancy problem
in general.

2.2.6.1 Motor Redundancy in Human Movement
The problem of controlling the redundant DoFs was first addressed by N.
Bernstein (1967) and is known as the Bernstein problem. Bernstein was also the first to
suggest that the CNS uses synergies to deal with the motor redundancy problem.
Bernstein (1967) noted that the moving body possessed many independent DoFs in the
potentially controllable number of joints, muscles and neurons. The computational load
of controlling so many degrees of freedom is enormous. How, then, Bernstein asked can
these degrees of freedom 'be regulated in the course of activity by a minimally intelligent
executive intervening minimally?' (Kugler et al., 1980, p. 4). Bernstein's solution was that
movements are organized into functional groupings or synergies, flexibly adapted by
people to meet specific tasks. According to Latash et al. (2004), synergy can be viewed as
a neural organization of elements that stabilize important performance variables. Synergy
has two major characteristics: 1) elements typically share a common input or neural drive
that leads to stable relationships among them over time; 2) elements show error
compensation.
Synergies in human movement may be revealed in three contexts: 1) coordinated
movements, 2) neural circuits and 3) muscle activation patterns (Windhorst et al. 1991).
For example, postural reactions involve the coordinated production of forces and
movements by all segments of the body for the maintenance of balance and equilibrium.
These coordinated movements may be referred to as synergies. At the neural level, there
are a number of identified neural circuits that could principally bring about coordinated
activation or inactivation of motoneurons, e.g. (1) reciprocal inhibition, (2) recurrent
inhibition connecting different motoneuron pools, (3) interneurons projecting to
motoneurons of different muscles (Latash 1998). Muscle synergy may be defined simply
as a group of muscles acting together. However— since the spatial and temporal patterns
of muscle activation are highly variable—the applicability of the term ‘synergy’ for

21
describing muscle activation patterns was questioned by some authors (Macpherson
1991).
In the study of motor redundancy, several research approaches became popular.
Among them are (a) optimization and (b) methods used to explore the movement
variability.
Usually, different people solve same motor tasks in a similar way. For instance,
we all walk more or less similarly. An idea of the optimization approach is that when
selecting a coordination pattern the central controllers of different people use the same
strategy: they minimize a certain ‘cost function’, e.g. they select the movement pattern
that corresponds to minimal energy expenditure (for the reviews on the optimization
problem see Prilutsky and Zatsiorsky 2002). In spite of popularity of optimization
methods in the literature, the methods have evident delimitations, e.g. different cost
functions may yield similar solutions, very often the validity of the optimization approach
cannot be verified (for instance the predicted individual muscle forces cannot be directly
measured), etc. A very important delimitation of the method is that it provides a unique
solution while real movements are variable: if the same movement is performed several
times it is never reproduced identically. The movement realizations are similar on a
rough-grain scale and they are different on a fine-grain scale.
During the last years, movement variability attracted great interest (see e.g. a
book edited by K. Newell, 1994). In addition to the documenting movement variability in
different situations a question about the role and mechanisms of the variability has been
addressed. According to the uncontrolled manifold (UCM) hypothesis, which is
suggested by Scholz and Schoner (1999) and further explored by Latash et al. (2002), the
controller acts in the space of elemental variables and selects in that space a subspace (a
manifold, UCM) corresponding to a stable value of an important performance variable. In
addition, the controller organizes covariation of elemental variables to limit their
variability in directions orthogonal to the UCM while allowing relatively more variability
within the UCM. The UCM theory provides a quantitative measure for a synergy by
comparing the amounts of the total variance per DoF within the UCM and orthogonal to
the UCM. If the former is larger than the later, it reveals a synergy. Another point of
view is advanced by Todorov and Jordon (2002). They propose an alternative theory
based on stochastic optimal feedback control. They showed that the optimal strategy in
the face of uncertainty is to allow variability in redundant (task-irrelevant) dimensions.
Based on this framework, task-constrained variability, goal-directed corrections, motor
synergies, controlled parameters, simplifying rules and discrete coordination modes
might emerge naturally.
All the above ideas (synergies, optimization, the UCM approach, etc.) were used
to study prehension.

2.2.6.2 Prehension Synergies
It was already mentioned that prehension is a mechanically redundant task and
when controlling prehension the CNS should select a certain solution among many
possible (Bernstein’s problem, 1967). The CNS, however, does not use all possible
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options. When performing similar tasks people use similar force production patterns
(Santello and Soechting 2000); hence the CNS follows certain rules or laws. A central
goal of the prehension research is to discover these rules. A more immediate goal is to
find and describe the reproducible patterns of coordination.
It was suggested that prehension synergies were employed by the CNS to simplify
the complex performances. The ensuing review addresses the following topics: (a) the
concept of prehension synergy, (b) hierarchical control of prehension, (c) principle of
superposition.
Prehension synergy was defined as the conjoint change of digits forces
(Zatsiorsky and Latash 2004). Prehension synergies are manifested in different ways.
They can be revealed by (a) adjustments to changes in task parameters (Zatisorsky et al.
2003), (b) compensation for self-induced and/or externally-imposed perturbations (Cole
and Abbs 1988; Johansson and Westling 1991; Johansson et al. 1992abc; Cole and
Johansson 1993; Flanagan and Wing 1993, 1995; Flanagan et al. 1993; Flanagan and
Tresilian 1994; Johansson and Cole 1994 ), and (c) error compensation revealed in a
negative covariation among elemental variables recorded in different trials (Shim et al.
2003) or in a single trial of long duration (Santello and Soechting 2000).
With the variation of task parameters, the forces at the virtual finger level show
qualitatively different patterns from the finger forces at the individual finger level
(Santello and Soechting 1997; Baud-Bovy and Soechting 2001, 2002; Zatsiorsky and
Latash 2004). Based on these observations a theory was proposed that prehension
synergies are organized in a hierarchical fashion and include at least two levels of
control. At the higher lever, the forces exerted by the thumb and VF are defined. At the
lower level, the forces exerted by the individual fingers are determined (Zatsiorsky and
Latash 2004).
One of the control mechanisms that can simplify the control of prehension is the
principle of superposition. The principle has been recently suggested in robotics (Arimoto
et. al. 2001). According to this principle, some skilled actions can be decomposed into
several elemental actions that can be controlled independently by separate controllers. In
particular, it has been shown that a dexterous grasp and manipulation of an object by two
soft-tip robot fingers can be realized by a linear superposition of two commands, one
command for the stable grasping and the second one for regulating the orientation of the
object. Such a decoupled control decreases the computation time. By studying repetitions
of a standard task, it was demonstrated that the principle of superposition can be applied
to human prehension: the digit forces and moments fall in one of two subsets (Shim et. al.
2003; Zatsiorsky et. al. 2004). The variables belonging to the same subset highly
correlate with each other while there is no correlation between the variables from
different subsets. In the first subset, the normal forces of the thumb and VF are grouped;
these forces prevent the object from slipping out the hand. In the second subset, the
tangential forces of the thumb and VF, the moments produced by the tangential and
normal forces and the moment arm of the VF normal force are grouped; these variables
maintain the orientation of the handle constant. In another experiment (Zatsiorsky et. al.
2004) in which the resisted load and torque are varied systematically, it was found that
the control of load and control of torque are independent and control commands can be
simply added together. These findings lend support to the validity of the principle of
superposition in human grasping.
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Prehension synergies are revealed not only in static but also in dynamic tasks,
specifically when a subject is instructed to perform point to point/cyclic arm movement.
When a subject moves a hand-held object up or down, an inertial force acts in the vertical
direction in addition to the gravity force. The load force (L, tangential force) equals
L=W+ma, where W is the weight, m is mass of the object and a is its acceleration. When
the load force increases, the grip force increases accordingly (Johansson and Westling
1984) to prevent slip.
The relation between normal and tangential digit forces during lifting an object, a
grasping synergy (Zatsiorsky and Latash 2004), has been extensively examined. It was
demonstrated that this relation develops at an early age (Forssberg et al. 1991; Blank et
al. 2001). The grip force is modulated by the weight of the object (Johansson and
Westling 1984; Winstein et. al. 1991), abrupt load perturbations (Cole and Abbs 1988;
Eliasson et al. 1995, Serrien et. al. 1999ab), friction conditions (Cole and Johansson
1993; Cadoret and Smith 1996; Burstedt et. al. 1999), tangential torques (Kinoshita etl.
al. 1997), gravity changes during parabolic flights (McIntyre et. al. 1998; Hermsdorfer et.
al. 1999a; Augurelle et. al. 2003), and inertial forces that act during shaking and point-topoint arm movements (Flanagan and Wing 1993, 1995; Tresilian et al. 1993; Flanagan
and Tresilian 1994; Kinoshita et al. 1996) as well as during locomotion (Gysin et al.
2003).
The coupling between normal and tangential forces is very robust. In similar load
conditions, the grip forces are larger in senior adults (Vandervoort et. al. 1986; Kinoshita
and Francis 1996; Cole and Rotella 2002) and patients with neurological disorders
(Gordon and Duff 1999; Babin-Ratté et al. 1999; Hermsdörfer et. al. 1999b; Serrien and
Wiesendanger 1999; Fellows et al. 2001). During similar manipulations, local skin
anesthesia and digit cooling make the coordination of the load and grip force less precise
but does not change the general pattern of coordination (Nowak et. al. 2001; Monzee et.
al. 2003; Nowak and Hermsdörfer 2003). Based on these observations it has been
concluded that the grip force-load force coupling is mainly controlled by a feed-forward
mechanism: A central controller regulates the grip force according to the expected load
force (Johansson and Westling 1984; Flanagan and Wing 1995) while feedback
mechanism triggered by cutaneous sensation acts if an assessment of an expected load
force happens to be erroneous.

2.3. Mechanics of grasp
In this section, mechanics of grasp will be examined and reviewed. Four related
topics—contact models, grasp map, internal force and grasp stability—will be described.

2.3.1. Contact models
Contact is defined as a collection of adjacent points where two bodies touch each
other (Mason and Salisbury 1985). A contact between a finger and an object can be

24
described as a mapping between forces and moments exerted by the finger at the area of
contact and the resultant wrenches at some reference point on the object (A wrench is a
generalized force, a 6 × 1 vector that consists of three linear components and three
angular components).
Based on the screw theory Mason and Salisbury (1985) proposed a system to
categorize contact models. In this system, six classes of contacts (excluding the no
contact case) were introduced (Table 2). The classification is based on three types of
contact: point contact, line contact, and plane contact. Adding or eliminating friction will
give six combinations of contact. For each contact model, the imposed constraints are
described in terms of the DoFs as well as in terms of screw systems of associated motions
and forces. This formulation is neat and simplifies the calculation. However, it is not
accurate under certain circumstances. For example, this classification does not take into
account surface deformation under load, which could affect the strength and stability of
grasp.

Table 2. Contact type and corresponding DoFs.

Contact type
No contact
Frictionless point
Frictionless line
Point with friction
Frictionless plane
Soft finger
Line with friction
Plane with friction

Remaining
DoFs
6
5
4
3
3
2
1
0

The discussion below is limited to the three types of contact that are relevant to
the present research, point contacts with and without friction and the soft finger contact.
Point contact models are widely applied in robotics.
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Figure 2. (A) Frictionless point contact; such a contact can resist force only in normal
direction. (B) Point contact with friction; it can resist forces along three axes. C) Soft
finger contact can resist forces along three axes and a moment of force about an axis
normal to the contact surface (torsional moment). w represent wrench basis: w1 , [1 0 0 0
0 0]T is in a positive x direction, w2 , [0 1 0 0 0 0]T , is in a positive y direction, w3 , [0 0 1
0 0 0]T is in a positive z direction.

A frictionless point contact:
When there is no friction between the fingertip and the object, forces can only be
applied in the direction normal to the surface of the object. The applied wrench Fci is:

⎡0⎤
⎢0⎥
Fci = ⎢⎢1 ⎥⎥ f ci f ci ≥ 0,
(1)
0
⎢0⎥
⎢⎣0 ⎥⎦
where f ci ∈ \ is the magnitude of the force applied by the finger in the normal direction,
the column vector represents a wrench basis w3 in the normal direction (Figure 2A). The
requirement that f ci is positive indicates that at this type of contact a force along w3 can
only push on an object but cannot pull it.

A point contact with friction model
In practical situations, we can experience contact without friction quite rare (an
inexact example can be a contact with a wet soap). A simple widely used model of
friction is called Coulomb friction model. The Coulomb friction model is an empirical
model which dictates that the tangential force is proportional to the normal force and the
coefficient is a function of the materials of contact. The range of the magnitude of
tangential force is determined by:
ft ≤µfn
(2)
where µ > 0 is the static coefficient of friction, f t represents tangential force and
f n represents normal force. In three dimensions, the above relation can be represented
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geometrically as friction cone (Figure 3). To maintain a stable contact, the contact forces
must lie in the friction cone (FC).

Friction Cone
µfn

Surface

Side view

Figure 3. Geometric representation of the Coulomb friction model.

In the point-contact-with-friction model, existence of friction between the
fingertip and the object is assumed. In such a case, forces can be exerted in any direction
within the friction cone (Figure 2B).
⎡1
⎢0
Fci = ⎢⎢0
0
⎢0
⎢⎣0

{

where FCci = f ∈ \ 3

0
1
0
0
0
0

0⎤
0⎥
1⎥ f
0 ⎥ ci
0⎥
0 ⎥⎦

fci ∈ FCci ,

(3)

}

f12 + f 2 2 ≤ µ f 3 , f 3 ≥ 0 and fci is a (3×1) vector.

Soft contact
In addition to the classification of contacts described in the preceding paragraphs,
Cutkosky (1985) proposed a different set of contact models in which the fingertip
geometry and deformation were also taken into account. Finger pad can deform under
loading; therefore the fingertip compliance is considered in the model in addition to the
finger joint compliance. For a small contact area, the fingertip becomes more compliant
with respect to rotations and can approximate point contact model well. For a larger
contact area, the resistance to rotation (torsion) increases, the translational compliance is
larger and the contact can approach a planar contact with friction. Under contact with
object the human fingertips exhibit rolling and deformation so in a realistic model the
fingers are assumed to be soft and curved. A model of a soft-finger contact (Figure 2C)
can be written as:
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⎡1
⎢0
Fci = ⎢⎢0
0
⎢0
⎢⎣0

{

FCci = f ∈ \ 4

0
1
0
0
0
0

0
0
1
0
0
0

0⎤
0⎥
0⎥ f
0 ⎥ ci
0⎥
1 ⎥⎦

fci ∈ FCci ,

}

f12 + f 2 2 ≤ µ f 3 , f 3 ≥ 0, f 4 ≤ γ f 3 , and fci is a (4×1) vector.

where the γ is the coefficient of torsional friction.
In general, a set of contact forces applied by a given contact is:
Fci = Wci fci fci ∈ FCci ,

where Wci represents a (6×m) wrench basis for the ith contact (ci represents ith contact)
and fci is a m×1 vector.

(4)
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2.3.2. Grasp map
To determine the effect of the contact forces on the object, the forces and
moments should be transformed to the object coordinate frame. The basic theory that is
briefly described below is mainly due to screw theory and is presented in the monograph
by Murray et al. (1994).
Ci

z
O

y
x

P
Tpo

Toci

Figure 4. Coordinate frames for contact and object forces.
Let (p oci , R oci ) be the configuration of the ith contact frame relative to the object
frame, where p oci is the displacement vector between the origins of the two frames and

R oci is the rotation matrix which transform the local frame of contact to object frame
(Figure 4). The generalized force exerted by a single contact can be written in object
coordinates as
0 ⎤
R
(5)
Fo = Woci Fci = ⎡ ˆ oci
W f ,
fci ∈ FCci .
⎢⎣p oci R oci R oci ⎥⎦ ci ci
where the matrix Woci is the wrench transformation matrix (6×m) which maps
contact wrenches to object wrenches; pˆ oci (3×3) is the screw symmetric matrix of
vector p oci (ci represents ith contact); fci is the generalized force vector and Fci is the
applied wrench. The screw symmetric matrix signifies a cross-product operator,

a × b = ab where a and b are vectors. The transformation described by equation (5)
rotates the force and moment vectors from the contact frames to the object frame and
adds a moment of the contact force about the origin of the object frame. If we have n
fingers contacting an object, the total wrench on the object is the sum of the object
wrenches due to each finger.
The map between the contact forces and the total object force is called the grasp
map, G : \ m → \ 6 , where m is the dimension of column space of wrench basis. Since
each contact map is linear and wrenches can be superposed (as long as they are all written
in the same coordinate frame), the net object wrench is
⎡ fc1 ⎤
(6)
Fo = G1fc1 + " + G n fcn = [G1 " G n ] ⎢ # ⎥ ,
⎢⎣fcn ⎥⎦
where n represent the nth contact and the grasp map is
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G = ⎡⎣ Woc1 Wc1 " Wocn Wcn ⎤⎦
With this definition, the object wrench can be written as
Fo = Gfc
fc ∈ FC ,
where G is a 6×mn matrix (n equals the total number of contacts).

(7)

2.3.3. Internal force

To balance external object wrenches appropriate finger wrenches should be
applied at the contacts. If a grasp can resist any applied wrench, such a grasp is called the
force-closure grasp and can be written as: Gfc=–Fe where –Fe = Fo (Murry et. al. 1994).
A major feature of a force-closure grasp is the existence of internal forces. An internal
force is a set of contact forces which result in no net force on the object (Mason and
Salisbury 1985; Murry et. al. 1994). In the above equation, G is a 6×mn matrix, where
mn>6. Because G has more columns than rows it defines an under-determined set of
equations and for a given value of Fe, a unique solution for fc does not exist. In other
words, a set of resultant forces and moments acting on a hand-held object does not
prescribe in a unique way the finger forces acting on it.
Any solution for fc consists of two vectors fm and fi such that fc= fm + fi (Kerr and
Roth 1986), where fm is orthogonal to fi and where fi lies in the null space of G. If a set of
orthonormal basis vectors which span the null space of G are assembled into the columns
of matrix N, then fi can be written in terms of the m×1 vector λ (m is the dimension of
null space) as fi = N λ.
The mathematical independence of the internal and manipulation forces allows for
their independent (decoupled) control and such a decoupled control is realized in some
robotic manipulators (e.g., Zuo and Qian 2000). People, however, most probably do not
use this option: It has been shown that when people move a vertically oriented object in
the vertical direction the grip force FG increases in parallel with the load force FL (FL=
W+ma where W is the object’s weight, m is its mass and a is acceleration) to prevent slip
(Johansson and Westling 1984; Flanagan and Wing 1993, 1995; Flanagan et al. 1993;
Flanagan and Tresilian 1994; Nakazawa et al. 1996, 1999; Kinoshita et al. 1996, Gordon
et al. 1999; Gysin et al. 2003; see also Flanagan and Johansson 2002 for a recent review).
The FG - FL coupling is so robust that people increase FG in parallel with FL even when
FG is already much above the slipping threshold, e.g. when a performer purposefully
grasps the object with a very high force before lifting the object (Flanagan and Wing
1995a).
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2.3.4. Grasp stability

A grasp is called stable if the grasped object after being subject to small
disturbances returns to equilibrium. A grasp should be stable both when it is stationary
and during manipulation. Usually, in stationary conditions, grasp stiffness is sufficient for
the grasp stability. However, when manipulating at a higher speed the damping and
inertia effects might not be negligible; therefore grasp impedance —which is understood
here as a complex mechanical resistance depending on the displacement magnitude, its
speed and acceleration— should be considered.
Object

Pi

Figure 5. Soft finger contact model with stiffness components. Four springs shown in the
figure represent elastic resistance of the finger tip to the linear deformation in three
orthogonal directions and the resistance with respect to fingertip torsion about an axis
normal to the contact surface.
In grasping and manipulation we can think of the stiffness matrix as a measure of
interaction between fingers and the object surface when external forces and moments are
applied to the system. Intuitively, we can think of the fingertip as having been replaced
by a set of “virtual springs” (see Figure 5). Grasp stiffness characteristics can be obtained
empirically by applying a set of forces to the fingertips and measuring their deflections. It
has been shown that at relatively low speeds it is possible to characterize the behavior of
a grasp with stiffness matrices (Kao 1994; Kao et al. 1997). The stiffness matrix at the
finger/object contacts is an instantaneous static relation between contact forces and
compliant deflections as follows:
∂f
Ki = − i
or
δ fi = −K i δ xi
(8)
∂xi
where ∂fi includes the linear force and moment with respect to the local
coordinates and ∂xi is a small change in the position and orientation of the contact. Notice
that for finite rotations or large deflection, the linearized approximation of Ki becomes
inaccurate. The stiffness Ki associated with individual ith finger/object contact can be
computed as a function of the finger joint stiffness, the structural compliance of the
finger, and the contact types (Cutkosky and Kao 1989).
For further analysis of stiffness, a stiffness matrix K, can be resolved into two
components, a symmetric, Ks and an anti-symmetric, Ka, (Chen and Kao 2000) where
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Ks =

(K + K T )
2

and

Ka =

(K − K T )
2

(9)

The symmetric component can be derived from a conservative quadratic potential
function; whereas, the non-symmetric components is related to the work done by the
grasping force moving along a closed path during manipulation.
Grasp stiffness plays an important role in grasp stability and it has been
extensively examined in robotics. Hanafusa and Asada (1977) were the first to study the
stability of an articulated grasp. They consider the grasp as an elastic system with each
finger having a controlled stiffness. Based on minimizing the total elastic energy of the
grasp they quantified quasi-static stability. Nguyen (1986ab, 1987ab, 1989) proposed a
systematic stability analysis and a method of constructing stable planar and spatial grasp
of n elastic fingers. The stiffness matrix of each finger was formed, and it was 3 by 3 in
plane and 6 by 6 in space. The grasp stiffness matrix K in the object frame can be
obtained by applying a congruennt transformation to the stiffness matrices at the contact
frames. (A transformation is called congruent if U = DTηD, where det(D) ≠0. In this
expression, U and η are matrices and det is a determinant.) The grasp stiffness matrix
must be positive definite in order for the grasp to be quasi-statically stable.
Recently, analyses of stiffness developed in robotics were also applied to human
studies. Milner and Franklin (1998) measured the two-dimensional static stiffness of the
index finger at different finger postures and target force directions. It was demonstrated
that the finger stiffness was anisotropoic, with the direction of greatest stiffness being
approximately parallel to the proximal phalanges of the finger. Kao et al. (1997) applied
the methods of robotic stiffness control and calibration to human grasping tasks (pinch
grip). They showed that linear relation between force and displacement is capable of
capturing the characteristics of the experimental data of human grasps when
displacements are relatively small. By studying the effect of grasp force and finger span
on the grasp stiffness, Van Doren (1998) found that stiffness increased significantly in
proportion to initial force but was changed only slightly by initial span.
To study dynamic perturbations, i.e. the perturbations occurring at large velocity
and acceleration, a concept of grasp stiffness can be generalized to the concept of grasp
impedance.
When a finger is in contact with an object the finger has an ability to exhibit itself
as a six-dimensional spring-mass-damper system to the object. However, the grasped
object can experience only a subset of these dynamic properties at each contact location.
For a soft finger contact, only four of the six components are experienced by the object
(Figure 5). The linear impedances (spring, mass, dampers) related to x, y and z directions
and the angular impedances about the z-directions of the contact frame are the only ones
seen by the object. With an assumption that the fingertip frame and the contact frame are
coincident, only such components are considered to exist at the contact point on the
object. Thus, the impedance matrices of the finger at the contact point are:
K fi = Diag[K fix K fiy K fiz K fiθ z ]
B fi = Diag[b fix b fiy b fiz b fiθ z ]
(10)
M fi = Diag[m fix m fiy m fiz m fiθ z ]
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for i=1…n, where n is the number of fingers in the grasp, K, B, M represents
stiffness, damping and mass, respectively. By combining the stiffness, damping
coefficients, and the masses of all fingers the three diagonal matrices in contact space can
be formed as
K f = Diag[K f 1K f 2 " K fn ]
B f = Diag[B f 1B f 2 " B fn ]
M f = Diag[M f 1M f 2 " M fn ]

(11)

The next step is to find the grasp impedance matrices K, B, and M in the object
frame resulting from the impedance matrices at the contact frames given by (11). The
relation between the stiffness matrices in these two frames is given by a congruent
transformation, Kf=JTgKJg, where Jg is the grip Jacobian and K is obtained
−1

as K = ⎡⎣ J g K −f 1 J Tg ⎤⎦ (Shimoga 1996).

2.4. Artificial Neural Networks (ANN)
Several ANN models designed to describe hand functioning have been introduced
in the literature (Caselli et al. 1991; Xiong et al. 1997; Zatsiorsky et al. 1998; Gao et al.
2003; Ulloa and Bullock 2003). This section provides a brief review of the problem.
§2.4.1 is an introduction to the neural network basics. The ANN applications, especially
in biomechanics and motor control, are presented afterwards (§2.4.2).

2.4.1 ANN basics

2.4.1.1 Introduction

The human brain is made up of a vast network of computing elements, neurons.
There are about 100 billion cells of a variety of types in the 90 cubic inches skull. A
biological neuron has three types of components that are of particular interest in
understanding an artificial neuron: dendrites, soma, and axon (Figure 6)
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Dendrite of
Another Neuron

Dendrite

Soma

Synaptic Gap
Axon

Synaptic Gap

Figure 6. Biological neuron, a schematic.
The dendrites receive signals from other neurons. The signals are electric
impulses that are transmitted across a synaptic gap by means of a chemical process. The
chemical transmitter modifies the incoming signal (typically, by scaling the frequency of
the signals that are received) in a manner similar to the action of the weights in a neural
network. The soma integrates all the signals received from dendrites and when the
integrated signal exceeds a certain threshold an action potential is initiated and
propagated along the axon. The ANNs are intended to model the functioning of the
biological neurons and networks.
The ANN models consist of the interconnected neurons. The output from each
neuron is determined primarily by the net summation of incoming excitatory and
inhibitory stimuli and neuronal processing (transfer characteristic, activation
characteristic). The net summation of incoming stimuli is dependent on the efficiency of
the connection sites (synaptic weights). The net input to the jth neuron (sj) from input xi (i
= 1, 2, …, n) of n neurons is defined (after thresholding θj):
n

s j = ∑ xi wij − θ j

(12)

i =1

where wij are synaptic weights between neurons i and j. After the summation of all inputs
to the neuron, signal processing occurs. A transfer function f(.) provides a neuronal
output given by
y j = f (s j )
(13)
It is convenient to arrange neurons in layers according to their behavior. Net
architecture of an ANN is defined as the arrangement of neurons into layers and the
connection patterns within and between the layers. Neural nets are often classified as
single-layer or multiple-layer nets. Since there is no computation for the input units, they
are not counted as a layer. A single-layer net has one layer of connection weights. The
input units are connected to output units and the weights for one output unit do not
influence the weights for other output units. Single-layer nets can be used for pattern
classification. Multi-layer nets can solve more complex problems.
A generic multi-layer ANN architecture involves a group of neurons
interconnected and distributed in layers as shown in Figure 7 where squares and circles
are used to represent the somas and dendrites respectively, and the connection lines
represent the axons. The operation of any such a network is divided into two different
phases. Firstly, in response to a given stimulus, a process of changes in synaptic weights
takes place. This procedure is called “learning”. The second function of a neural net is
to “recall”, to process an input stimulus and generate corresponding output signal.
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Input layer

Hidden layer

Output layer

Figure 7. Fully connected feed forward network with one hidden layer and one output
layer.

2.4.1.2 Training

ANNs learn to solve problem by training. Training is achieved by modifying the
weights of the interconnections in the network. Training can take place in two
fundamental ways (Haykin 1999). (1) Supervised training (supervised learning or
learning with a teacher); during which the network is provided with an input stimulus and
the corresponding desired output pattern. The learning law for such networks computes
an error, i.e. the difference between the real and the desired output of the network. The
error is then used to modify the weights of the interconnections of the nodes. A
performance measure is usually in terms of the mean-square error or sum of squared
errors over the training sample. For the ANN to improve performance over time the
operating point has to move toward a minimum point of the error surface. The supervised
learning achieves minimum point with the guidance of gradient of the error surface. The
gradient of an error surface at any point is a vector that pints in the direction of steepest
descent. Since the ANN may use an instantaneous estimate of the gradient vector, the
motion of the operating point on the error surface is typically random-like. Nevertheless,
given an adequate number of examples and enough time to perform the training, a
supervised learning is usually capable of performing pattern classification and function
approximations. (2) Unsupervised training or self-organization: the network is presented
only with a series of input patterns and is given no information or feedback at all about its
performance levels. Networks that use this kind of training procedure are most often
used for categorization or statistical modeling applications. The famous Kohonen self-
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organizing map (SOM) network performs a mapping from a continuous input space to a
discrete output space, preserving the topological properties of the input. This means that
points close to each other in the input space are mapped to the same or neighboring
processing elements (PEs) in the output space. The basis of the Kohonen SOM network
(1988) is soft competition among the PEs in the output space.

2.4.2 Applications of ANN in biomechanics and motor control
In recent years the ANNs were applied to the biomechanics and motor control
area (for reviews see Perl 2004; Schöllhorn 2004). It seems that the hand coordination
and brain control can also be interpreted quite well by appropriately chosen networks
(Taha et al. 1997; Zatsiorsky et al. 1998b; Wolpert and Kawato 1998; Ulloa et al. 2003).
ANN was also applied to the robotics, and a variety of efficient algorithms were utilized
in real-time control of the robotic and prosthetic hands (Wang and Zhang 1996;
Arciniegas et al. 1997; Xiong et al. 1997; Adamczyk and Crago 2000).
ANN is powerful in direct mapping and usually functions as a black box between
the input and the output signals. As an example, Taha et al. (1997) successfully applied
ANN to predict hand posture based on object shapes and sizes. ANNs might be more
meaningful when biological information is included.
An ANN model that can account for the three experimental effects observed
during multi-finger force production—force sharing, deficit, and enslaving —was
developed by Zatsiorsky et al. (1998a). The network is composed of three layers: the
input layer that represents a central neural drive; the hidden layer that simulates
transformation of the central drive into an input signal to the muscles serving several
fingers simultaneously (extrinsic, multi-digit muscles), and the output layer representing
finger force output. The output of the hidden layer is set inversely proportional to the
number of fingers involved (to model the ceiling effect). The network also involves direct
connections between the input and output layers that represent signals to the hand
muscles serving individual fingers (intrinsic, single-digit muscles). The explicit idea
behind the suggested network is that all three reported phenomena such as force sharing,
deficit, and enslaving are consequences of interconnections among the fingers. These
interconnections are both peripheral (at the muscle-tendon level) and central (at the level
of the CNS).
ANN was not only widely applied in mapping, its power was also revealed in the
application of the adaptive control. This feature appeals to many researchers, because the
study of neural and adaptive systems is a unique interdisciplinary field that considers
adaptive, distributed, and mostly nonlinear systems - three of the ingredients found in
biology. Ullnoa et al. (2003) modeled adaptive generation of precision grip forces during
object lifting. The model utilized slip sensations as error signals to adapt the grip force.
After training, it has been demonstrated that the model can adjust reactive and
anticipatory grip forces to a level just above that needed to stabilize lifted objects in the
hand.
An ANN architecture based on multiple pairs of inverse (controller) and forward
(predictor) models was proposed by Wolpert and Kawato (1998). Within each pair, the
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inverse and forward models are tightly coupled both during the model acquisition,
through motor learning, and during the model use, during which the forward models
determine the contribution of each inverse model's output to the final motor command.
The ANNs of such an architecture can simultaneously learn the multiple inverse models
necessary for control as well as how to select the inverse models appropriate for a given
situation.
Another direction of ANN application to the study of hand function is represented
by our study (Gao et al. 2003; Latash et al. 2003) aimed at comparing the inter-finger
connection matrices among different subjects (this research is not a part of the present
dissertation). The interfinger connection matrices were computed for each subject by
applying an ANN model developed in previous study (Zatsiorsky et al. 1998; Li et al.
2002). The similarities/dissimilarities (proximities) between the individual matrices were
then determined. Multidimensional scaling (MDS) was applied to reduce the number of
dimensions of the matrix of the proximities and identify the major ones. Two major
dimensions were revealed: one is related to the strength of the subjects and the other is
related to the enslaving effects (Gao et al. 2003). Potentially, this analysis can be applied
to reveal meaningful dimensions that reflect differences in indices of finger interaction
across and within subpopulations which differ in their apparent ability to use the hand
(Latash et al. 2003).
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2.5 Summary
The studies on multi-finger prehension are still few in number. Of the limited
number of studies on multi-finger prehension most are mainly concerned with static
tasks. Existing studies on prehension during arm movement are limited to the studies of
the vertically oriented objects displaced in the vertical direction.
The dissertation is intended to improve our understanding of the underlying
mechanisms of multi-finger prehension.
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Part I Static tasks

Chapter 3
Neural network modeling of the hierarchical prehension control*

Chapter 3 contains the following original paper:
NEURAL NETWORK MODELING SUPPORTS A THEORY ON THE HIERARCHICAL CONTROL
OF PREHENSION.
Fan Gao, Mark L. Latash, Vladimir M. Zatsiorsky
Neural Comput & Applic (2004) 13: pp. 352-359
*

: The research described in this chapter is inspired by the results of the
experiment presented in Appendix B. The experimental data were used for the neural
network modeling.
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Abstract A theory on the hierarchical organization of the
control of human prehension (grasping and manipulation
of a hand-held object) was tested by comparing the performances of neural networks of diﬀerent designs. The
inputs into the networks were external torque, handle
width, and thumb location, and the outputs were the
individual digit forces. The networks diﬀered only in their
architecture: N1 was a classical three-layer network; N2
was a hierarchical two-tier network with single projections, in which the outputs of the ﬁrst tier were used as
inputs for the second tier, that yielded the individual digit
forces; and N3 was a hierarchical two-tier network with
dual projections, where the inputs to the second tier were
the outputs of the ﬁrst tier—as in N2—plus the inputs into
the ﬁrst tier (external torque, handle width, and thumb
location). Each tier of N2 and N3 consisted of one threelayer network. The N3 network showed the best performance, supporting the idea that the control of prehension
is hierarchically organized.
Keywords Prehension Æ Grasping Æ Finger forces Æ
Neural network Æ Backpropagation Æ Hierarchical
organization

1 Introduction
Neural network modeling has been commonly used in
studies of the control of hand functions in humans [1, 2,
F. Gao Æ V. M. Zatsiorsky (&)
Biomechanics Lab, Department of Kinesiology,
The Pennsylvania State University, 36 Rec. Building,
University Park, PA 16802, USA
E-mail: vxz1@psu.edu
Tel.: +1-814-8653445
Fax: +1-814-8652440
M. L. Latash
Motor Control Lab, Department of Kinesiology,
The Pennsylvania State University,
University Park, PA 16802, USA

3, 4, 5, 6, 7, 8, 9]. The hand is considered to be an ideal
candidate for using neural networks [2]. The networks
used so far have consisted of an input, a hidden layer,
and an output. This simple ‘‘classical’’ design stands in
obvious contrast to the complex hierarchical arrangement of the brain and to information exchange between
the brain structures and between the brain and the
environment. In particular, sensory information that can
be associated with task variables is not routed solely in
one brain structure, but widely distributed among various neural structures at diﬀerent levels of the neural
organization [10]. As such, the input is likely to aﬀect
computational steps at many levels of information processing.
Experimental evidence suggests that the control of
grasping and manipulation of hand-held objects is organized in a hierarchical fashion [11, 12, 13, 14]. At a higher
level, an opposition space is created between the thumb
and a virtual ﬁnger (VF, an imaginary ﬁnger whose
mechanical eﬀect is equivalent to the sum of the eﬀects of
the index, middle, ring and little ﬁngers [15, 16, 17, 18, 19])
and their forces are speciﬁed. At the next level of control,
the forces exerted by individual ﬁngers are determined (see
also [20] on the hierarchical organization of prehension).
The hierarchical hypothesis suggests a particular structure for a neural network whose purpose is to simulate
ﬁnger action in prehensile tasks.
In this paper, we compare the eﬀectiveness of one-tier
and two-tier network models in approximating the patterns of digit forces observed in human subjects. The
one-tier model (which is a classical three-layer network)
uses information about the task as the input and yields
individual digit forces as outputs. The two-tier model
splits the job of determining the individual ﬁnger forces
into two consecutive jobs. The VF forces are determined
at the higher level (tier 1), and the VF forces are distributed among the individual ﬁngers at the lower level
(tier 2). Two types of two-tier networks were explored.
In the single projection networks, the outputs of the
upper tier (the computed virtual forces) were used as the
inputs to the lower tier. In the dual projection networks,
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the lower tier received—in addition to the outputs of the
upper tier—information about the task itself. Our
hypothesis was that the two-tier networks with dual
projections would work better than the other tested
networks. The following two questions were addressed:
1. Are hierarchical two-tier networks that solve the entire problem in two consecutive steps advantageous
to a single-tier network when determining the ﬁnger
forces in prehension?
2. Do hierarchical networks with dual projections of
input information to the second tier work better than
the single projection networks?
The eﬀectiveness of each network was estimated by
its performance with the test sets.

2 The experiment
Only a brief description is presented here. For a detailed
report, see the original publication [14].
Subjects (n=10) stabilized a handle with an attachment that allowed for changes in the external torque
(Fig. 1). The subjects were instructed to hold the handle
‘‘naturally, with minimal force exertion’’.
During the experiment, a 0.35 kg load was suspended
from the beam at seven diﬀerent positions with respect
to the middle of the beam. Suspending the load at different positions caused torques of 0.333, 0.667 and
1.0 Nm in both clockwise and counter-clockwise directions. Suspending the load in the middle corresponding
to zero torque. The total weight of the apparatus with
the load was 14.1 N. The thumb position and the width
of the handle was systematically varied across the trials.
The surfaces of the transducers were covered with 100grit sandpaper. The friction coeﬃcient between the ﬁnFig. 1 Experimental ‘‘invertedT’’ handle/beam apparatus. The
force components in the X- and
Y- directions are called normal
and tangential forces,
respectively. The black
rectangles represent the sensors.
The thumb could be at each of
the three diﬀerent locations: in
the middle position (the black
rectangle), in the bottom
position (the dotted rectangle),
and in the upper position (not
shown). The width of the handle
was set at 60, 75 or 90 mm.
Subjects maintained the handle
statically in the upright position
using minimal eﬀort. The ﬁgure
is not drawn to scale

gertips and the sensors was in the range of 1.4–1.5. Each
subject performed 63 tasks (7 torque values · 3 thumb
locations · 3 handle widths). Forces and moments exerted by the digit tips on the object were recorded with
ﬁve six-component force sensors. The data were digitally
low-pass ﬁltered with a fourth order Butterworth ﬁlter at
5 Hz. For each trial, the data were averaged over 1.8 s of
the holding period (excluding 0.1 s at the beginning and
at the end of the period). The analysis was limited to the
planar static case.
For each of the 63 tasks, the following twenty performance variables were recorded and/or computed: ten
normal and tangential components of the individual
digit forces. Five Y-coordinates corresponding to the
points of digit force application measured with respect
to the sensor centers; two normal and tangential components of the VF force (the resultant of the four ﬁnger
forces); the moment arm of the VF normal force with
respect to the point of application of the thumb force
(the VF force application point); and two moments of
the tangential and normal virtual ﬁnger forces.
For each subject 20·63 = 1260 performance variables were recorded and computed in total. Figures 2
and 3 illustrate the relations between the individual
ﬁnger forces and the external torque for the three thumb
positions. Note the complex relations between the performance variables and the task variables (for a detailed
description of the data see [14]).

3 Network modeling
3.1 Models
The goal for the networks was to compute/predict
individual digit forces for each of the 63 torque-handle
60 mm, 75 mm or 90 mm

Y
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Z
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o

X
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Fig. 2a, b Normal digit forces for diﬀerent torque values (group
average). The vertical bars represent one half of the SD; this was
done to avoid messy pictures. a Force of the index ﬁnger. b Force
of the little ﬁnger. The abbreviations Lo, Mi and Up signify the
lower, middle and upper thumb positions, respectively. The handle
width is 60 mm

width-thumb location combinations. Three basic models
were constructed and tested (Fig. 4).
1. A classical three-layer net (N1) with the torque,
handle width and thumb position as the input variables and the individual tangential and normal digit
forces as the outputs (in total, ten output variables).
2. Two-tiered net N2. The inputs to the upper tier were
the torque, handle width and thumb position and the
outputs were forces of the VF and the thumb as well
as the moment arm of the VF normal force with respect to the point of application of the thumb force
(for a total of ﬁve output variables). The outputs of
the upper tier were then used as the inputs to the
lower tier. Finally, the outputs of the lower tier were
the predicted ﬁnger forces (in total eight variables,
excluding the normal and tangential forces for the
thumb).

-3
-1.000

-0.667

-0.333

0.000

0.333

Torque, Nm
Fig. 3a, b Tangential digit forces for diﬀerent torque values (group
average) with half of the SD. a Force of the index ﬁnger. b Force of
the little ﬁnger. The abbreviations Lo, Mi and Up signify the lower,
middle and upper thumb positions, respectively. The handle width is
60 mm

3. Two-tiered net N3. The network was similar to net
N2 with one distinction: the inputs to the lower tier
were not only the forces of the VF and the thumb
and the application point of the VF force (similar to
network N2), but also the torque, handle width and
thumb position data (the same inputs as the input
for the upper tier). Such an arrangement assumes
that ‘‘lower’’ neural centers receive not only the
commands from the ‘‘higher’’ centers but also sensory information on the task. The documented wide
spread of signals from peripheral proprioceptors
over numerous neural structures, from the spinal
segmental apparatus to the cerebellum and brain
cortex [21, 22], suggests that such networks can
model actual signal processing within the central
nervous system.
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B

C

Fig. 4a–c Network structure. a A classical three-layer network N1.
b Two-tiered network N2. c Two-tiered network N3

3.2 Mathematical description of the network

The hidden layers of each of the three networks
had exactly 15 neurons. This number was selected
based on the preliminary experimental results from
network training. Each of the tiered networks had ﬁve
designs that diﬀered in the number of neurons assigned to the upper and lower tiers: 4/11, 5/10, 6/9,
and 7/8, respectively.

For the N1 network, symbol l indicates any one of the

63 task combinations, and symbol dðlÞ
designates the
ﬁnger forces experimentally recorded in a given task
l ðdðlÞ is a ten-component
Let the training

vector).
63
exemplar set be ~
xðlÞ; dðlÞ l¼1 ; where ~
xðlÞ ¼ ½x1 ðlÞ;
x2 ðlÞ; x3 ðlÞT is the input pattern vector to the network
set (the elements of the vector represent the thumb
position, handle width and torque) and

356

2

3T

6
7
~
d ðlÞ ¼ 4d1 ðlÞ; d2 ðlÞ; d3 ðlÞ; d4 ðlÞ; d5 ðlÞ; d6 ðlÞ; d7 ðlÞ; d8 ðlÞ; d9 ðlÞ; d10 ðlÞ 5
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ} |ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
normal forces

tangential forces

is the desired output vector corresponding to the input
pattern xðlÞ:
For the two-tiered networks, the ﬁve-component
vector vðlÞ is the desired output vector corresponding to
the input pattern ~
xðlÞ for the upper tier of the two-tiered
network.
6
6
6
6
6
vðlÞ ¼ 6 v1 ðlÞ ; v2 ðlÞ ;
|ﬄ{zﬄ}
6 |ﬄ{zﬄ}
6
thumb
6 thumb
4
normal tangential
force
force

In this study, the weights were updated after all of the
training examples that constitute an epoch (the batch

7
7
7
7
7
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7
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|ﬄ{zﬄ}
|ﬄ{zﬄ}
7
7
VF
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5
normal tangential with respect to the point
force
force
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vðlÞis then used as an input vector for the lower tier of
the two-tiered network. For network N3, the inputs of
the lower tier include—in addition to vðlÞ —the task
indices xðlÞ:
3.2.1 Network training
The objective of training is to adjust the network weights
W so as to minimize the error function E(W has all of
the weights arranged as a vector). The sum of the
squares of the errors over the force outputs of the ﬁve
digits for the lth exemplar is deﬁned by
n
1X
½yk ðlÞ  dk ðlÞ2
2 k¼1

ð1Þ

where yk(l) are the output values of the network and
dk(l) is the desired (experimentally recorded, actual)
value of the outcome variable k in task l (n = 10 in the
one-tier network, and 5 and 8 for the upper and lower
tiers of the two-tiered networks, respectively).
To minimize E(l), the gradient descent method was
used to train the networks by repeatedly presenting the
training exemplar sets. A back-propagation procedure
was used. The gradients ¶E(l)/¶W were computed
starting from the output layer and working down to the
connections linking the input variables to the units at the
input layers.
In general, the weights were updated once per cycle
according to the generalized delta update rule,
W ðnewÞ ¼ W ðoldÞ  g

ð3Þ

3

2

EðlÞ ¼

Eav

(
)
N
n
X
1 X
2
¼
½yk ðlÞ  dk ðlÞ
2Nn l¼1 k¼1

@E
@W

ð2Þ

where g is a small constant (>0), referred to as the
learning rate. The mean squared error Eav over all exemplars (N task combinations) equals

mode of training) were presented. Eav is minimized in the
batch mode of training [23, 24].
The networks were trained on group average data
using an improved back-propagation algorithm,
TRAINLM, a training function in the neural network
toolbox of MATLAB 6.5 (Mathworks, Inc.) that updates weights based on Levenberg–Marquardt optimization. We decided to use the Levenberg–Marquardt
algorithm because—as preliminary analyses demonstrated—the back-propagation training with gradient
descent is too slow. In practice, fast algorithms such as
Quasi-Newton algorithms and Levenberg–Marquardt
algorithms are often used. The Levenberg–Marquardt
algorithm uses this approximation to the Hessian matrix
in the following Newton-like update:

1
W ðnewÞ ¼ W ðoldÞ  J T J þ lI J T~
e
ð4Þ
where ~
e is a vector of network error and J is the Jacobian
matrix that contains the ﬁrst derivatives of the network
errors with respect to the weights.
In no way was the learning process employed in this
study intended to imitate the learning process used by
the brain. The only goal of the study was to compare the
impact of the network architecture on the performance.
In this context, the learning rule employed was not
essential provided that the learning algorithm worked.
The entire data set was divided into three subsets: the
training set, the validation set and the test set. Each set
was based on 21 tasks and included one third of the total
tasks. Each set had equal representations of the thumb
positions (7 tasks per position · 3 thumb positions = 21
tasks), handle widths (7 tasks at each of the 3 handle
widths), and torques (3 tasks at each of the 7 torques).
The thumb position-handle width-torque combinations
were selected randomly; however, each combination was
included in only one set. Network training with
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uncertainties has been reported to improve the convergence of training [23]. To increase the size of the training
set, it was augmented by including 42 ‘‘virtual tasks’’.
The ﬁnger force values for a virtual task were obtained
by adding random noise from 0 to 1.0 N to the actual
ﬁnger forces of the tasks in the training and validation
sets. Hence, the total number of tasks in the augmented
training and validation sets was 63.
It is known that, for validation sets, the error usually
decreases during the initial phase of training, but when
the network begins to over-ﬁt the data the error typically
rises. To improve generalization and avoid over-ﬁtting,
early stopping was used in network training. To incorporate the Levenberg–Marquardt algorithm appropriately for early stopping, l was set at a relatively large
value of 1 [25].
It is usually suggested that all of the inputs and
outputs should be normalized before training [23].
According to a preliminary test, however, this normalization did not improve the convergence or the
performance of the network. So we decided to use the
task index as input and the group average forces for
the individual digits as outputs. Based on preliminary
training tests, we set the number of training epochs to
500 with a learning rate of 0.005. The performance
goal for the networks was set very high to make the
early stopping work properly.
Preliminary results indicated that the training time
was very diﬀerent for diﬀerent sequences of torque,
handle width and thumb position combinations (Fig. 5).
The total number of task permutations is the factorial of
21, a number that is evidently much too large to compare all possible task sequences. Therefore, to estimate
the performances of the diﬀerent networks (eleven in
total) we used a Monte–Carlo approach. Five thousand
diﬀerent combinations of input patterns were randomly
selected to train the networks. All of the networks were
trained on the same input combinations using a Dell
8200 computer with 2.4 GHz processor and 1 Gb RAM.

3.3 Comparing the performance measures: statistics
To compare the performances of networks of diﬀerent
architectures, two measures were used: (1) the mean
square error (MSE) of the predicted forces on the entire
data set, and (2) the network training time.
The performance results were compared by applying
one-factor repeated measure ANOVA (the diﬀerences
were highly signiﬁcant) and then the Tukey–Kramer test
for multiple comparisons. The analysis was performed in
Minitab 12.1 (Minitab, Inc.).

4 Results
The results are presented in Table 1. The best MSE was
observed for the two-tiered network with dual projections
N3 where both the task indices xðlÞ and the outputs from
the upper tier vðlÞ were used as the inputs to the lower tier.
The diﬀerences between the performance of the N3 network and the performances of both the one-tiered network and two-tiered network N2 were statistically
signiﬁcant (p<0.001). There was no signiﬁcant diﬀerence
in training time between N2 and N3, while the training
times of both N2 and N3 were signiﬁcantly less than that
of N1 (p<0.001). Therefore, N3 achieved the best overall
performance in terms of both MSE and training time.
As an aside, for network N3 there was a signiﬁcant
diﬀerence in training times between networks with dissimilar distributions of neurons between the upper and
lower tiers, whereas there was no diﬀerence in the MSE.

5 Discussion
To summarize, a hierarchical two-tier network N3 in
which the task variables were used not only as inputs
Table 1 Network performances for various architectures
N1

N2

N3

0.250±0.045
0.236±0.039
0.226±0.036
0.223±0.039

0.227±0.031
0.223±0.030
0.217±0.030
0.211±0.029

3.46±2.46
3.32±2.40
3.26±2.36
3.15±2.35

3.57±2.07
3.39±1.96
3.13±1.88
3.03±2.01

Frequency

2000

MSEa (N2)
4/11
0.257±0.088
5/10
6/9
7/8
Time of trainingb (s)
4/11
3.69±2.46
5/10
6/9
7/8

1000

0
0

5

10

15

Training time, S

Fig. 5 A histogram showing the training time for diﬀerent task
sequences (n= 5,000) for a representative example, network N1
(4/11)

Mean and SD (n = 5,000). The numbers 4/11, 5/10, 6/9, and 7/8
indicate the number of hidden neurons in the upper and bottom
tiers, respectively
a
The diﬀerences between the N3 vs. N2, N3 vs. N1 and N2 vs. N1
network performances are all statistically signiﬁcant (p<0.001)
b
The diﬀerences N3 vs. N1 and N2 vs.N1 are statistically signiﬁcant; while the diﬀerence N3 vs. N2 does not reach the level of
statistical signiﬁcance. For network N3, there is a signiﬁcant difference between networks with dissimilar distributions of neurons
between the upper and lower tiers
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into the upper tier but also as co-inputs into the lower
tier (together with the output of the upper tier) gave the
best performance: the smallest MSE and the shortest
training time. Note that the total number of computational elements (‘‘neurons’’) was the same across the
networks considered. Hence, the advantage of the hierarchical system N3 lies with its design.
The modeling results presented here do not immediately answer the question of whether the central controller (actual neural network) in humans works in an
hierarchical fashion, analogously to network N3. Nevertheless, the results suggest that hierarchical multi-tier
neural nets in which the lower tiers obtain not only the
results of the computations from the upper tiers but also
some information about the task itself, learn faster with
better validation performance than networks with other
architectures.
This result may supporting the hypothesis of a hierarchical organization to human prehension [11, 12, 13,
14]. It is also compatible with the known wide spread of
aﬀerent and eﬀerent information among neural structures in the human brain [26, 27]. The cerebellum is one
of the brain structures that has been frequently invoked
in discussions of coordination among eﬀectors [28, 29].
Note that one of the two major inputs into the cerebellum, the climbing ﬁbers from the inferior olives,
carries mixed sensory and motor information [22, 30].
This organization of the input resembles the input into
the lower tier of network N3, with combined task variables and intermediate control variables (the output
from the upper tier).
The present study suggests that the decomposition of
a complex motor task into several subtasks, and the
solution of these subtasks separately, may be an
advantageous approach. A principle of superposition
has recently been suggested in the ﬁeld of robotics [31,
32]. According to this principle, skilled actions can be
decomposed into several elemental actions that are
controlled independently by separate controllers. In
particular, it has been shown that a dexterous grasp and
manipulation of an object by two soft-tip robot ﬁngers
can be realized by a linear superposition of two commands, one command for the stable grasping and the
second one for regulating the orientation of the object.
Such a decoupled control decreases the computation
time.
Results from a recent series of studies of digit forces
in grasping tasks [13, 33] suggest that the principle of
superposition is applicable to the control of multi-ﬁnger
prehension in humans. Forces and moments acting on
the objects are deﬁned by two independent commands:
‘‘grasp the object more ﬁrmly/weakly to prevent slipping/crushing’’ and ‘‘maintain the rotational equilibrium
of the object’’. The eﬀects of the two commands are
summed. While the principle of superposition does not
immediately assume a hierarchical organization of the
control, it suggests that a complex motor control task
can be divided into several subtasks that are independently controlled. We view this principle as comple-

mentary to the hierarchical hypotheses tested in the
present research. In particular, the task of prehension
control can be divided into several subtasks that are
controlled either in parallel or by hierarchically organized controllers.
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Abstract We have examined the interaction among
individual finger forces in tasks that required the
production of the total force by a subset of fingers in a
particular direction in the flexion–extension plane. Nine
subjects produced fingertip forces in a prescribed direction
with a maximum voluntary contraction (MVC) effort and
held the peak force for two seconds. Six finger combinations were tested, four single-finger tasks—Index (I),
Middle (M), Ring (R) and Little (L)—one two-digit task
(IM), and one four-digit task (IMRL). The subjects were
asked to generate the finger forces in two directions, 0°
(perpendicular to the surface of the transducer) and 15°
toward the palm. In all task conditions, there were two
experimental sessions, with and without visual feedback
on the task force vector. The main findings were:
1. The target direction significantly affected the constant
error (CE) but not the variable error (VE) while
removal of the feedback resulted in an increase in VE.
2. The direction of the forces produced by fingers that
were not explicitly required to produce force (enslaved
fingers) depended on the target direction.
3. In multi-finger tasks, the individual fingers produced
force in directions that could differ significantly from
the target direction, while the resultant force pointed in
the target direction.There was a negative co-variation
among the deviations of the directions of the
individual finger forces from the target direction. If a
finger force vector deviated from the target, another
finger force vector was likely to deviate in the
opposite direction. We conclude that a multi-finger
synergy is involved in the control of the finger force
direction.
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Introduction
To manipulate hand-held objects—such as a glass, a
utensil, or a tool—humans exert forces on them. For
accurate manipulation, both the force magnitude and the
force direction have to be specified and stabilized against
possible internal and external perturbations. The control of
force magnitude has been an object of vigorous research
(Li et al. 1998a; Sharp and Newell 2000; Latash et al.
2002b; Shim et al. 2003) while the control of force
direction has been addressed to a much lesser degree. We
have been able to find only four papers dealing
specifically with the control of finger force direction. All
four are limited to the force exerted by the index finger.
Valero-Cuevas et al. (1998) examined the muscle activity
when subjects produced static forces in five directions
(palmar, distal, lateral, dorsal, and medial). The patterns of
muscle activation were subject-independent and the activity levels scaled with the force magnitude. Distribution of
maximal index-fingertip force in all directions was also
studied by Li et al. (2003).
Two studies addressed index finger force production in
the flexion-extension plane. In a study by Milner and
Dhaliwal (2002), subjects applied force in isometric
conditions at the fingertip in eight equally spaced
directions, encompassing 360°. The authors examined
the patterns of activation of extrinsic and intrinsic finger
muscles. The intrinsic muscles of the finger functioned as
a single unit whose region of activation overlapped with
that of the extrinsic flexor and extensor muscles.
Yokogawa and Hara (2002) investigated the distribution
patterns of the maximum index fingertip force in
directions from 0 deg to 360 deg with 10-deg increments.
Similar patterns were revealed across the subjects
suggesting that the subjects’ index fingers had similar
static characteristics, possibly defined by muscle properties.
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We are unaware of any study addressing the control of
fingertip force direction in multi-digit tasks. The present
study has four main goals:
1. to determine the accuracy and precision (quantified as
constant and variable errors) of the force direction
control in maximal voluntary contraction (MVC)
tasks;
2. to test the dependence of direction accuracy on target
force direction;
3. to explore the dependence of the direction of forces
produced by fingers that are not required to produce
force (enslaved forces; Li et al. 1998a, 1998b;
Zatsiorsky et al. 1998, 2000) on the target direction;
and
4. to establish whether there is a multi-finger synergy
stabilizing the direction of the total force.
With regard to the last goal, we have used a definition of
a synergy as a co-variation of elemental variables
(directions of individual finger forces in this study) that
stabilized an important performance variable (direction of
the total force). This is a logical extension of a series of
studies that analyzed multi-digit synergies in pressing and
prehension tasks with respect to such performance
variables as total force and total moment of forces
produced by a set of digits (Latash et al. 2001, 2002a;
Shim et al. 2003; Zatsiorsky and Latash 2004).

Experimental
Methods
Nine male subjects (27±6 yrs, 75±9 kg, 1.79±0.1 m, hand
length, fingertip to distal crease of the wrist with hand
extended 19.1±1.3 cm, hand width 9.2±0.53 cm) participated voluntarily in this study. All the subjects were righthanded according to their hand use during eating and
writing. Subjects had no previous history of neuropathy or
trauma to the arm and hand. All subjects gave informed
consent according to the procedures approved by the

Fig. 1 Schematic drawing of experimental setup

Office for Regulatory Compliance of The Pennsylvania
State University.
Experimental setup
The experimental device consisted of three major parts: a
large aluminum plate serving as the base, a pillar with a
vertical slot to attach transducers, and a cylinder serving as
the handle (Fig. 1). The pillar was mounted on the plate
such that the surface of the sensors formed a 45° angle
with the longitudinal axis of the forearm. The distance
between the pillar and the cylinder could be adjusted to
achieve a consistent finger configuration across the
subjects.
Fingertip forces were measured in the horizontal plane
by six-component force/torque sensors (Nano-17, ATI
Industrial automation, Garner, NC, USA). The transducers
were mounted on the vertical slot of the pillar, 3 cm apart
(the distances were measured between the sensor centers).
On the top of each transducer a tube-like thimble was
placed to hold the tips of individual fingers. At the center
of each thimble there was a small round hole to help
subjects place the fingertip reproducibly. A thin rubber
coating was put inside each thimble to decrease the
pressure on the fingertip and facilitate the fingertip force
production.
The output cables of the four sensors were connected to
a customized box that split the cables into separate
channels corresponding to individual signals and input the
signals to two 32-channel 12-bit AD converters (PCI6033E, National Instruments, Austin, TX, USA). The
digital signals were processed using a computer (Gateway
AMD800, North Sioux City, SD, USA). The sampling
frequency was set at 50 Hz. The data were recorded by a
customized program written in Labview 5.1 (National
Instruments, Austin, TX, USA).
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Test Procedure

Data analysis

Before the experiment, the subjects washed the hands with
soap and warm water to normalize skin condition. The
subjects sat in the chair facing the setup, with the right
upper arm positioned at approximately 45° abduction in
the frontal plane and 45° flexion in the sagittal plane. The
forearm was supported and constrained by a half-tubeshaped brace with Velcro straps.
Before the test, the subjects were instructed to hold the
cylindrical handle firmly while placing the tips of the
fingers into the centers of the thimbles. The subjects were
asked to produce a fingertip MVC force in a prescribed
direction and hold the peak force for two seconds. Six
finger combinations were tested, including four singlefinger tasks—the force was generated by the Index (I),
Middle (M), Ring (R) and Little (L) fingers, one two-digit
task (IM) and one four-digit task (IMRL). In all tasks, all
the finger forces were recorded, from the fingers that were
instructed to produce force (master fingers) as well as from
the remaining fingers that by instruction were not required
to generate force (enslaved fingers). The subjects were
instructed to keep all the fingers on the sensors. The
subjects were asked to generate the maximal finger forces
in a prescribed direction, 0° (perpendicular to the surface
of the transducer) or 15° toward the palm. While the
relative importance of generating the maximal force versus
generating it exactly in the prescribed direction was not
emphasized in the instruction, the subjects were informed
about the goal of the research—control of force direction
—and, according to our observations, were attentive to the
force direction control.
There were two conditions. Under the first condition,
visual feedback was provided to help the subjects point in
the target directions. A polar coordinate grid with the
origin in the center of the finger sensor(s), the target
direction, and the resultant finger force vector were shown
on-line on a monitor placed 0.5 m away from the subject.
The feedback was provided only for the master finger
forces. Under the second condition, the visual feedback on
the actual forces was removed while the target direction
was shown on the screen. Before each trial, the experimenter asked the subject to be ready. An auditory start
signal was generated, and the subject was instructed to
gradually increase the fingertip force until MVC and to
maintain the force at that level for about 2 s. The total
recording period was 5 s. Six trials were run for the
following finger combinations, I, IM and IMRL. Three
trials were run for M, R and L tasks. The intervals between
the trials were always over one minute. For a given task,
trials with visual feedback were always performed first,
followed by the same task performed without the
feedback. The sequence of finger combinations was
randomized.

Finger force vectors were recorded in the horizontal plane.
Sensors were placed in such a way that the x axis of the
local reference frame was aligned horizontally and,
therefore, vertical force (Fy) components were not taken
into account in this study (Fig. 1).
Raw data were low-pass filtered with the fourth-order
Butterworth filter with the cutoff frequency set at 5 Hz.
Moving average values were calculated using a 100-ms
wide window over the whole trial duration. Maximum
window value was chosen and treated as MVC. The MVC
was then averaged across trials for individual subjects for
further analysis.
In motor-control literature (Schmidt and Lee 1999) the
types of error commonly used are constant error (CE),
which is an average deviation from the target, and variable
error (VE), that equals the standard deviation from the
average. In the present study, we used both CE and VE to
characterize the performance.
Let φi be one of the n observed angles and vi be the
corresponding vector. Let xi and yi be the rectangular
components of vi, then xi=vicosφi and yi=visinφi. Let x ¼
1
n

n
P
1

vi cos i and y ¼ 1n

n
P

vi sin i . The mean angle is

1

then determined as:

arctanðy=xÞ if
x
 ¼
180o þ arctanðy=xÞ if

x < 0

Note that the mean angle  is calculated by vector
methods, i.e. taking into account the force magnitude. The
standard deviation (VE) was computed as a scalar VE ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
rP
2
ði Þ
. The CE and VE were computed for
n1
individual subjects across the trials and then for the entire
group.
Linear coefficients of correlations were utilized to
examine the relationships among the directions of the
finger forces (the circular coefficients of correlation are
insensitive to the sign of the correlation and because of
that are not very informative). To compare the performance results in various tasks, e.g. at the different
directions of target forces, a non-parametric Wilcoxon’s
signed-rank (WSR) test was used. One-way ANOVA with
the factor Rank (3 levels) with Tukey’s pair-wise
comparisons was also applied to compare CEs among
different finger ranks (see the section on enslaved finger
forces in “Results”). The level of significance was set at
P<0.05.
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Results
An example of the experimental recordings is presented in
Fig. 2 for a representative subject who was instructed to
produce MVC in the direction orthogonal to the force
sensors (0°) with all four fingers pressing together (IMRL
test). In the example, the angle between the MVC vector
and the target direction was about 1.8° while the
magnitude of force exerted precisely in the target direction
was only 0.65 of the MVC (the ratio is calculated by
dividing the magnitude of the force in the target direction
by the MVC magnitude).
In all 12 tasks forces at 0° were larger than that at 15°
(however, significantly larger values were observed in
only 8 of 12 tasks, P<0.05, WSR test).
Constant and variable errors of the task force direction
This section deals with the direction of the total force
produced by the fingers that were explicitly involved in
each particular task (master fingers). We will address this
force as a “task force”. The forces exerted by other (slave)
fingers will be addressed later in the text.
Constant error (CE)
The data on the average deviation of the finger force from
the target (CE) are presented in Table 1. For the 0° target
direction with visual feedback, the ring and little finger
forces showed significant deviations from the target (CE=
−1.29° for the ring finger and CE=−2.94° for the little
finger, P<0.05). For the 15° target direction, the ring finger
force also showed significant off-target deviation when no
visual feedback was available (CE=−8.41°, P<0.05). For
the 15° target with visual feedback, none of the finger
forces matched the target well (P<0.05), and in all cases

Fig. 3 Finger force vectors for the six tasks, 15° target, with visual
feedback. Group averages are shown. The following force
magnitudes and CEs have been observed: I-task 61.8 N, −2.66° ;
M-task 61.4 N, −4° ; R-task 37 N, −6.3° ; L- task 26.5 N, −9.1° ;
IM-task 91.6 N, −1.6° ; IMRL-task 156.3 N, −2.6°. (I – index finger,
M – middle finger, R – ring finger, and L – little finger)

the fingers exerted forces at angles that were under 15°
(Fig. 3). No significant changes in CE after removing the
feedback were observed; magnitude of CE increased in
nine cases out of twelve and decreased in the remaining
three cases. Note that significant CE deviations from the
target are a symptom of persistence of force deviation in
only one direction, to the left or to the right of the target. If
the forces deviated equally in the opposite directions, the
CE would be close to zero at all magnitudes of the force
deviation.
Variable error (VE)
The variable error is a measure of the reproducibility of
performance. Removal of feedback resulted in an increase
in VE in 11 of 12 cases (P<0.05, WSR test; Table 1). The
only exception was the ring finger force at 15° target. VE
of I, IM and IMRL all showed significant changes after
removal of the visual feedback (P<0.05).
Effects of target direction
There was a significant effect of target direction on CE;
the CEs were larger for the 15° task (the average data are
presented in Table 1; the results of the statistical analysis
are in Table 2). VEs were not significantly affected by the
target direction in most of the cases except the IM tasks
with/without feedback (P<0.05). It suggests that as a rule
the target direction significantly affects CEs but not VEs.
Enslaved finger forces

Fig. 2 An example of the force and direction changes during a
typical trial (IMRL, 0° target, with feedback) by a representative
subject. MVC shows the force magnitude and the force vector angle
when the maximal force was achieved

The enslaving effect was always observed: the fingers that
were not required by instruction to produce force still
generated it. The direction of the enslaved finger forces
depended on the target direction: the individual enslaved
forces significantly deviated from the target direction in
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Table 1 Constant and variable
errors of force directions

Direction
(degrees)

Combination Feedback

0

I
M
R
L
IM
IMRL
I
M
R
L
IM
IMRL

15

Group averages are shown in
degrees. The CEs significantly
deviating from zero are highlighted in italics (P<0.05)

No feedback

CE=average
deviation from the
target

VE=average of
individual SDs

CE=aver.
VE=average of
deviation from the individual SDs
target

0.07
−0.20
−1.29
−2.94
−0.31
0.12
−2.66
−3.97
−6.26
−9.09
−1.64
−2.56

1.33
0.71
1.04
0.85
0.70
0.90
1.85
0.88
2.45
2.75
1.59
1.69

−1.10
0.83
−2.87
−5.05
−2.06
−0.69
−1.69
−0.28
−8.41
−4.33
−3.91
−4.35

3.20
1.43
1.82
1.49
2.60
2.39
4.00
1.70
2.25
6.06
4.04
3.39

Table 2 Effects of target direction on the outcome measures.
Statistical significance of differences between the CEs and VEs at 0°
and 15° targets
Feedback/no feedback

Task

CE: WSR-test

VE: WSR-test

Feedback

I
M
R
L
IM
IMRL
I
M
R
L
IM
IMRL

0.004
0.004
0.004
0.004
0.004
0.004
0.004
0.004
0.008
0.004
0.004
0.004

0.098
0.734
0.301
0.074
0.020
0.164
0.098
0.426
0.426
0.074
0.027
0.250

No feedback

Fig. 4 Finger force vectors recorded in I-tasks at 0° and 15°,
feedback. The force polygon is obtained by adding tail-to-head the
individual finger forces. Group averages are shown

Significant values are highlighted in italics (P<0.05). WSR stands
for Wilcoxon’s signed rank test; P-values are presented

only 13 of 48 cases (27%), Fig. 4; their resultant force
deviated significantly from the targets in only three cases
(R, L tasks at 0° target with feedback and I task at 15°
Table 3 CE and VE of multifinger tasks

Feedback/no feedback

Fingers

target without feedback). As compared with the instructed
(master) fingers, the enslaved fingers showed a smaller
tendency to direct forces persistently either to the left or to
the right of the target, hence their CEs were relatively
small and the systematic deviations were not significant.
The level of “accuracy” of the enslaved forces depended
on the “distance” between the fingers (Fig. 5; note that in
IM

IMRL

0°

Feedback

No feedback

I – index finger, M – middle
finger, R – ring finger, L – little
finger

I
M
R
L
Task
I
M
R
L
Task

15°

0°

15°

CE

VE

CE

VE

CE

VE

CE

VE

4.69
−4.70
–
–
−0.31
0.97
−4.85
–
–
−2.06

2.03
1.42
–
–
0.70
3.17
2.85
–
–
2.59

2.63
−5.69
–
–
−1.64
0.03
−8.00
–
–
−3.91

2.09
2.16
–
–
1.58
3.72
5.09
–
–
4.01

8.86
0.39
−1.88
−20.17
0.12
6.41
−0.15
−1.51
−19.28
−0.69

2.48
1.11
1.15
9.09
0.90
3.95
2.59
1.94
8.23
2.38

5.54
−1.98
−9.03
−8.75
−2.56
3.50
−3.55
−9.05
−15.72
−4.35

2.01
3.14
1.99
15.42
1.69
4.32
3.90
2.66
15.88
3.37
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Fig. 7 Finger forces in an IMRL task to the 0° target with visual
feedback. The force polygon is obtained by adding tail-to-head the
individual finger forces. Group average data are shown
Fig. 5 The dependence of the CE of the enslaved forces on the
rank of the “distance” of the enslaved finger from the master finger.
Group means and standard errors of the means are shown. The
means and the standard errors were computed for the angular values
treated as scalars, i.e. without taking into account the force
magnitude; * indicates a statistically significant difference (oneway ANOVA, Tukey’s pairwise comparisons, P<0.05)

Fig. 6 Group average force vectors with SDs, for the IM-task, at 0°
target, with visual feedback

the figures the angular values were treated as scalars, i.e.
neglecting the force magnitude). To quantify the “distance” we assigned rank 1 to the pairs of neighboring
fingers, e.g. to the I and M fingers or the R and L fingers.
Rank 2 was assigned to the fingers that are separated from
each other by two inter-finger intervals, such as the I and
the R finger. Rank 3 was assigned to the I-L finger pair.
On average, the further the enslaved finger was away from
the master finger the larger the deviation of the enslaved
force from the target direction.
Multi-finger tasks
The force vectors in the IM task are shown in Fig. 6. Note
that while the IM vector points almost exactly at the target
the two contributing force vectors, I and M, point in
dissimilar directions; vector M to the left of the target and
vector I to the right of it. In general, the CE and VE were
smaller for the task forces than for the individual master
finger forces (Table 3).

When the resultant finger force points in the target
direction, there are many possible combinations of
individual finger force vectors by which the task can be
implemented. All the digits can point in a similar direction
or they can point in different directions such that their
resultant force points in the desired direction. It follows
from the experimental data that the second option prevails:
individual finger force vectors do not point, as a rule, in
the target direction while the resultant force is closer to it.
On the whole, the CE and VE were smaller for the task
forces than for the individual master finger forces (Table
3). In all eight tasks—IM and IMRL finger combinations
at two targets, with and without feedback—the CE of the
task force was smaller than the CE of at least one
individual finger force; in five tasks of eight it was smaller
than the CE of any finger force. As an example, consider
an IMRL task (with feedback, target 0°), Fig. 7.
To further explore the interaction among digits in multifinger tasks, the variability of the force direction was
analyzed. Here we use variance as an index of variability.
For both two-finger (IM) and four-finger (IMRL) tasks the
variability of task force was much lower compared with
the variability of individual digit forces (Fig. 8). For
instance, in the IM task (target 0° with visual feedback) the
variances were 4.13 deg2 and 2.01 deg2 for the I and M
finger forces, respectively, while it was only 0.5 deg2 for
the IM task force (resultant force).
In the motor control literature, to test whether the
individual variables compensate for each other, the sum of
the variances of the elementary variables is commonly
compared with the variance of the sum (Li et al. 1998b;
Latash et al. 2002b). According to the Bienaimé Equality
theorem for the mutually independent and integrable
random variables; the sum of the variances is equal to the
variance of the sum (Loevè 1955, p. 234). If the
elementary variables compensate for each other deviations
(co-vary negatively) the variance of the sum is smaller
than the sum of the variances. This technique was proven
to be useful to analyze the magnitudes of the finger forces
(Latash et al. 2002b). However, the method is not
applicable for analysis of finger force direction. The
direction of the resultant force vector depends not only on
the directions of the contributing forces but also on their
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Fig. 8 Force direction variance
(deg2) in the multi-finger tasks
with visual feedback. Group
average data are shown: (a)
IMRL task; (b) IM task

Table 4 Coefficients of correlation between the directions of the
individual finger forces (IMRL task, 0°, with feedback)

Middle
Ring
Little

Index

Middle

Ring

Little

−0.456*
−0.621*
−0.038

–
0.155
0.077

0.155
–
−0.015

0.077
−0.015
–

*Indicates a significant difference from zero (P<0.05, n= 54)

magnitudes. For instance, if one force vector points at –
10° while the second vector points at 10°, this does not
mean that the resultant force vector points at zero degree.
When the vectors are of different magnitude, e.g. 100 N
and 1 N, the direction of the resultant force will be quite
far from the “average” value (the force vector directions
are said to be not integrable).
To establish whether the individual force vector
deviations compensated for each other (i.e. if one force
vector points to the left of the target, another force vector
tends to points to the right of it), inter-correlations of the
individual force vector directions were calculated. As
already mentioned, the circular coefficients of correlation
do not distinguish properly between positive and negative
correlations (Batschelet 1981) and cannot be used to
explore inter-compensation among the variables. Because
of that, linear correlations were used to examine the
existence of compensation in force direction. There was
always at least one negative correlation coefficient among
digits, which confirms the compensation in force direction
production among digits. For example, in the IMRL task
with the target at 0° and visual feedback, the correlation
between the index and middle finger force directions was
–0.456 (Table 4), which indicated a tendency to opposite
changes in the finger force directions. In all IM tasks the
correlation between the directions of the I and M was
always negative; for instance at a 0° target and visual
feedback the coefficient of correlation was –0.726
(statistically significant).

Discussion
Because this study is the first to address force direction
control in multi-finger tasks, our opportunity for comparing the present data with the published results is limited.

The following discussion addresses: control of force
direction in single-finger tasks; direction of enslaved
finger forces; and synergies in the stabilization of multifinger force direction.
Control of force direction in single-finger tasks
As a rule, the subjects did not exert maximal force
precisely in the target direction and there was a systematic
offset in the force direction when the target was set at 15°.
The target direction significantly affected the constant
error but not the variable error in the task force direction.
Direction of a force produced by the endpoint of a
multi-joint effector depends on the torques in individual
joints. The change of the joint torques results in changing
both the magnitude and direction of the endpoint force.
Hence, the natural sequence of events is: muscle
activation→joint torques→endpoint force, its direction
and magnitude. The inverse analysis (endpoint force
→joint torques) is, however, much more simple to
perform. For a given kinematic chain configuration (a
set of finger joint angles), an endpoint force defines each
and every one joint torque (Fig. 9). The opposite is not
true; a single joint torque does not define the endpoint
force. Only a combination of torques in all joints of the
chain does this (for the biomechanical analysis of the
endpoint force production in multi-link kinematics chains
see Zatsiorsky 2002, chap 2). For a planar three-link chain
(Fig. 9), each individually applied joint torque causes the
end effector to apply a force to the environment along the
line passing through the other two joints (Zatsiorsky 2002,
p.153). Hence, if joint torque in one of the joints changes,
both the endpoint force magnitude and direction are
expected to change.
If the force direction remains constant, the force
magnitude is stabilized by the proportional increase/
decrease of the joint torques (ibid). In agreement with
this explanation, modulating fingertip force magnitude
across the voluntary range does not change a stable
coordination pattern, i.e. the number of contributing
muscles and their relative levels of activity (ValeroCuevas 2000). Instead, changing the force magnitude is
achieved by scaling the magnitude of a stable coordination
pattern of muscle activity.
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Fig. 9 This is a planar three-link chain modeling a finger in the
flexion–extension plane. The chain is at equilibrium, the weight of
the segments is neglected. MCP, PIP and DIP are the metacarpophalangeal, proximal interphalangeal and distal interphalangeal
joints, respectively. Symbols l1, l2 and l3designate the length of the
proximal, middle and distal phalanx,respectively. F is an endpoint
force. θ2 and θ3arethe joint angles (external). The abscissa axis is
along the proximal phalanx; in this finger configuration θ1=0. The
following equations are valid: Tmcp=Fdmcp, Tpip=Fdpip and Tdip=
Fddip, where T stands for a joint torque and d is a moment arm of
force F with respect to a joint center (F is a force magnitude). The
moment arms of force F are: dmcp=Tmcp/F, dpip=Tpip/F, ddip=Tdip/F
(the moment arms characterize the endpoint force direction). To
define the direction and magnitude of the endpoint force the
performer must specify the values of Tmcp, Tpip and Tdip such that the
above constraints are satisfied

If the magnitude of a vector of joint torques (its
Eucledian norm) is constant, the tips of the finger force
vectors in diverse directions form an ellipse (ValeroCuevas 1997; Zatsiorsky 2002). Experimental evidence
supports this theory: the distribution pattern of the
maximal index finger force in all directions from 0 deg
to 360 deg is ellipse-like and is the same among subjects
(Yokogawa and Hara 2002). Because the maximal force
directed at 0 deg is larger than the maximal force directed
at 15 deg, the systematic offset in the direction of the
finger forces at 15 deg can be explained by the tendency to
produce maximal force along the major axis of the force
ellipse.
Enslaved finger forces
The direction of the enslaved finger forces depended on
the direction of the target and hence on the direction of the
force exerted by the master fingers, the task force (Table
3). According to the basic mechanics at a given finger
configuration the fingertip force vector is controlled by a
unique combination of the joint torques (Zatsiorsky 2002,
chap 2). At the different target directions, the torques at the
individual joints are different. The phenomenon of
enslaving was described in the literature for the fingertip
forces (Li et al. 1998a, 1998b). The dependence of the
enslaved force direction on the direction of the master
finger force suggests that enslaving is joint-torque-specific. Consider a case when the finger Jacobians of the master
and enslave finger are similar and the master finger

generates an endpoint force F in the direction θ (joint
torques are T1, T2, T3). For the enslaved finger, generating
a force kF in the same direction θ would require
proportional change of the joint torques to kT1, kT2, and
kT3,where k is a scalar. The individual enslaved forces,
however, did not point in the same direction. A possible
reason for that may be the different angular configurations,
and hence different Jacobians, of the individual fingers —
the fingertips of the all four fingers were aligned along the
vertical line while the lengths of the digit segments are
different. As a result, in the experimental setup the joint
angles of individual fingers were slightly different. The
different angular configurations formed different Jacobian
matrices and could result in different orientation of the
force ellipses. The differences among orientations of the
force ellipse, or equivalently the directions of the major
axes, may play a role in the production of the enslaved
forces in dissimilar directions.
In single-finger tasks, enslaved finger force showed
larger deviations from the target force (or from the task
force) for fingers that were farther away from the master
finger. In an earlier study, the magnitude of enslaving has
been shown to be larger for fingers adjacent to the master
finger than for “remote” slave fingers (Zatsiorsky et al.
2000). This similarity suggests that finger proximity is an
important factor defining both slave finger magnitude and
direction. It may be related to larger overlaps between
cortical motor areas representing individual fingers for
adjacent finger pairs (Schieber 1999, 2001).
Multi-finger synergies stabilizing force direction
With the resultant force pointing in the target direction or
close to it, individual fingers could point in different
directions. This is possible if the individual finger forces
compensate for inaccuracies of each other. Exactly this
pattern of finger behavior was observed in this study. The
existence of negative linear correlation among deviations
of digit forces from the target direction (Fig. 7 and Table
4) supports the existence of such an inter-finger compensation in the production of the force direction.
The existence of synergies in multi-finger force
production is well documented and revealed in both
pressing and grasping tasks (Li et al. 1998a, 1998b; Latash
et al. 2001, 2002a, 2002b ). In the four-finger MVC
pressing tasks it was found that the variance of the total
maximal force output was smaller than the sum of
variances of the maximal individual finger forces (Li et
al. 1998a, 1998b). The reduction of the force variance at
the multi-finger level suggested the existence of an intercompensation among individual digits also confirmed in a
series of further studies (Latash et al. 2001, 2002a, 2002b).
Santello and Soechting (2000) examined the control of
five-digit grasping by measuring gripping forces when
subjects lifted and held a handle. A consistent temporal
synergy was observed: the digits exerted normal forces in
phase with each other. A more recent study has shown
stabilization of an unconstrained hand-held object by co-
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variation of a subset of elemental variables (Shim et al.
2003). However, all these studies dealt with stabilization
of the magnitudes of the finger forces.
In the current experiments we observed that individual
finger force vectors co-varied to (relatively) preserve a
particular direction of the total force. This finding strongly
suggests existence of multi-finger synergies whose
purpose is to stabilize a certain total force direction. The
magnitude-stabilizing synergies and direction-stabilizing
synergies must be closely interrelated since, as mentioned
earlier, the direction of the total force vector depends on
both directions and magnitudes of individual finger forces.
To merge the two types of synergies would be one of the
goals of future studies.
In future, we would also like to overcome some of the
apparent limitations of the current study. First, we
investigated only maximal force production, and some of
the regularities may be related to a “ceiling effect”.
Second, the thumb was not tested while its action may be
an important factor in defining multi-digit synergies (e.g.
Zatsiorsky et al. 2003; Shim et al. 2003). Third, in most
everyday tasks, the control of force needs to be
accompanied by the control of the moment of forces
exerted on a hand-held object. The importance of the
moment constraint has been emphasized in earlier studies
(Shim et al. 2003; Zatsiorsky and Latash 2004), and one
could expect that this constraint would also affect
synergies that stabilize the direction of the total force.
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Part II Dynamic tasks

Chapter 5
Internal forces during object manipulation

Chapter 5 contains the following original paper:
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Internal forces during object manipulation
Fan Gao, Mark L. Latash, Vladimir M. Zatsiorsky
Department of Kinesiology, The Pennsylvania State University
Abstract—Internal force is a set of contact forces that does not disturb object equilibrium. The elements of the
internal force vector cancel each other and, hence, do not contribute to the resultant (manipulation) force acting on the
object. The mathematical independence of the internal and manipulation forces allows for their independent
(decoupled) control realized in robotic manipulators. To examine whether in humans internal force is coupled with the
manipulation force and what grasping strategy the performers utilize, the subjects (n=6) were instructed to make cyclic
arm movements with a customized handle. Six combinations of handle orientation and movement direction were tested.
These involved parallel manipulations: (1) VV task - vertical orientation & vertical movement and (2) HH task horizontal orientation & horizontal movement, orthogonal manipulations: (3) VH task - vertical orientation &
horizontal movement and (4) HV task - horizontal orientation & vertical movement, and diagonal manipulations: (5)
DV task -diagonal orientation & vertical movement and (6) DH task - diagonal orientation & horizontal movement.
Handle weight (from 3.8 to 13.8 N), and movement frequency (from 1 Hz to 3 Hz) were systematically changed. The
analysis was performed at the thumb-virtual finger level (VF, an imaginary finger that produces a wrench equal to the
sum of wrenches produced by all the fingers). At this level, the forces of interest could be reduced to the internal force
and internal moment. During the parallel manipulations, the internal (grip) force was coupled with the manipulation
force (producing object acceleration) and the thumb-VF forces increased or decreased in phase: the thumb and VF
worked in synchrony to grasp the object stronger or weaker. During the orthogonal manipulations, the thumb-VF forces
changed out of phase; the plots of the internal force vs. object acceleration resembled an inverted V letter. The HV task
was the only task where the relative phase (coupling) between the normal forces of the thumb and VF depended on
oscillation frequency. During the diagonal manipulations, the coupling was different in the DV and DH tasks. A novel
observation of substantial internal moments is described: the moments produced by the normal finger forces were
counterbalanced by the moments produced by the tangential forces such that the resultant moments were close to zero.
Implications of the findings for the notion of grasping synergies are discussed.

Introduction
In multi-digit grasping, a vector of contact forces and moments f can be broken into two orthogonal
vectors: the resultant force vector fr (manipulation force) and the vector of the internal force fi (f= fr + fi)
(Kerr and Roth 1986; Yoshikawa and Nagai 1991). Internal force is a set of contact forces which can be
applied to an object without disturbing its equilibrium (Mason and Salisbury 1985; Murray et al. 1994).
The elements of the internal force vector fi cancel each other and, hence, do not contribute to the
manipulation force. A performer can choose innumerable combinations of the force elements provided that
they cancel each other, for instance, the performer can grasp an object stronger or weaker.
The mathematical independence of the internal and manipulation forces allows for their independent
(decoupled) control. Such a decoupled control is realized in robotic manipulators (e.g., Zuo and Qian
2000). However people, most probably, do not use this option: It has been firmly established that when
people move a vertically oriented object in the vertical direction the grip force FG increases in parallel with
the load force FL (FL= W+ma where W is the object’s weight, m is its mass and a is acceleration),
apparently to prevent slip (Johansson and Westling 1984; Flanagan and Wing 1993, 1995; Flanagan et al.
1993; Flanagan and Tresilian 1994; Nakazawa et al. 1996, 1999; Kinoshita et al. 1996, Gordon et al. 1999;
Gysin et al. 2003; see also Flanagan and Johansson 2002 for a recent review). The FG - FL coupling is so
strong that people increase FG in parallel with FL even when FG is already much above the slipping
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threshold, e.g. when before lifting the object a performer purposefully grasps the object with a high force
(Flanagan and Wing 1995).
Vertical lifting of a vertically oriented handle is only one of the many examples of object
manipulation. In daily life, people commonly manipulate objects in non-vertical directions and with the
surfaces of digit contact not parallel to the direction of acceleration. It is unknown whether the internal
force-manipulation force coupling exists in such tasks. For instance, do people grasp the hand-held objects
(e.g. golf clubs, tennis rackets, etc.) stronger when the object is being accelerated?
The following terminology will be used: Virtual Finger (VF) is an imaginary finger that produces a
wrench (the force and moment) equal to the sum of wrenches produced by all the fingers (Arbib et al. 1985;
Cutkosky 1985; Iberall 1987; Iberall et al. 1989; Santello and Soechting 2000; Baud-Bovy and Soechting
2001). The handle orientation is defined by the angle between the longitudinal axis of the handle and the
vertical. At the vertical handle orientation, the angle is zero. The direction of manipulation is defined with
respect to either vertical or the horizontal axes. When the handle orientation and the direction of
manipulation are along the same axis (e. g. a vertically oriented handle is being moved in the vertical
direction or a horizontally oriented handle in the horizontal direction) the manipulation is called the
parallel manipulation. The orthogonal manipulation corresponds to the object motion at the right angle to
the handle orientation, e.g. a vertically oriented handle is being moved in a horizontal plane or a
horizontally oriented handle is moved in a vertical plane. Grasping synergy (GS) is a conjoint change of the
normal digit forces (Zatsiorsky and Latash 2004).
This study addresses the following general problem: How is the internal force-manipulation force
coupling —if it exists—affected by such factors as grasp orientation and direction of manipulation?
Specifically, we are interested in two questions: (1) Is the internal force coupled with the manipulation
force? To answer this question we analyzed whether the internal forces/moments change conjointly with
the handle acceleration (the handle acceleration is representative of the manipulation force acting on the
object)? (2) Do grasping synergies depend on the type and parameters of object manipulation?

Methods
Six male subjects (27±6 yrs, 75±9 kg) participated voluntarily in this study. Subjects were all righthanded based on their daily usage of the hand and reported no previous history of neuropathies or trauma to
the upper extremities. All subjects gave informed consent to comply with the procedures approved by the
Office for Research Protection of The Pennsylvania State University.
Experimental setup
A customized aluminum handle composed of two horizontal bars and two vertical pillars was used
(Figure 1). Five six-component force/torque transducers (Nano-17, ATI Industrial Automation, Garner,
NC, USA) were mounted on the pillars. The center points of the index and middle finger sensors were
located 37.5 mm and 12.5 mm, respectively, above the midpoint of the handle. The center points of the ring
and little finger sensors were located 12.5 mm and 37.5 mm, respectively, below the midpoint. The grip
width (the distance between the surfaces of the thumb contact and of the finger contacts) was 60 mm. The
surfaces of the transducers were covered with 100-grit sandpaper. In different subjects, the coefficient of
friction ranged between 1.4 and 1.5 (measured previously, Gao 2002). A tri-axial accelerometer (EGA 3,
Entran, USA, range ±5g, weight 0.5 gram) was mounted on the horizontal bar at the lower left corner to
record the acceleration of the handle. The output cables of the sensors were tied together and hung
approximately 20 cm above the top of the handle to avoid interference during the movements.
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Figure 1. Schematic drawing of the handle and three handle orientations. The arrows to the right signify the movement
directions. Placement of the sensors including ATI force/torque sensors and EGA accelerometer is shown in the left panel. Note that in
the handle frame the local x and z axes for the thumb and fingers are in opposite directions. When the handle was orientated
horizontally or diagonally the thumb sensor was always on the top.

The output signals of the ATI sensors were fed into a customized box that split the signals to two 32channel 12-bit AD converters (PCI-6033E, National Instruments, Austin, TX, USA). The signals of the
EGA accelerometer were fed into SCXI-1520, a signal conditioning module (National Instruments, Austin,
TX, USA) and then into a 12-bit AD converter (PCI-6052E, National Instruments, Austin, TX, USA). The
digital signals were processed using a computer (Dell Dimension 8200, USA). The sampling frequency was
set at 200 Hz and data were recorded by a customized program written in LabView 6.1 (National
Instruments, Austin, TX, USA).
Test Procedure
Before the experiment, subjects cleaned the tips of the digits with alcohol to normalize skin condition.
The subjects were instructed to hold the handle statically with the forearm unsupported while placing the
tips of the digits at the centers of the sensors before each trial. For different movement frequencies, an
auditory metronome was used to provide a rhythmic beep signal, and the subjects tried to follow the tempo
of the signal. The subjects were required to make a whole cycle between two consecutive beeps such that
the beeps occurred at extreme points, top or bottom points for vertical movements and leftmost or rightmost
points for horizontal movements. On the whole, the subjects followed the metronome well the group
average frequencies were 1.03±0.02, 1.53±0.04, 1.99±0.06, 2.52±0.06 and 3.04±0.13 Hz when the target
frequencies were 1.0, 1.5, 2.0, 2.5 and 3.0 Hz respectively.
Experiment 1: Vertical cyclic movements. Subjects were instructed to make vertical cyclic handle
movements while timing the movements with the beeps generated by the metronome. Two horizontal
strings, ten centimeters apart in the vertical direction, were used to mark the target amplitude of the
movements.
Experiment 2: Horizontal cyclic movements. Subjects were instructed to make horizontal cyclic handle
movements while timing the movements with beeps generated by the metronome. Pieces of white tape
placed ten centimeters apart in the horizontal direction were used to mark the target amplitude of the
movements.
Three handle orientations, vertical, horizontal and diagonal (inclined 45o) were used. Hence, six
combinations of handle orientation and movement direction were tested. The tasks are designated as
follows:
(1)
Parallel manipulations
1a. VV task: Vertical orientation-vertical movement.
1b. HH task: Horizontal orientation-horizontal movement.
(2)
Orthogonal manipulations
2a. VH task: Vertical orientation-horizontal movement
2b. HV task: Horizontal orientation-vertical movement
(3)
Diagonal manipulations
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3a. DV task: Diagonal orientation-vertical movement.
3b. DH task: Diagonal orientation-horizontal movement.
In each task, five loads were used: 3.8 N, 6.3 N, 8.8 N, 11.3 N and 13.8 N (including the weight of the
handle with the sensors). When the handle was oriented horizontally or at 45o the loads were symmetrically
attached at both sides of the handle. The oscillations were performed at three frequencies, 1.0 Hz, 1.5 Hz
and 2.0 Hz. In addition, two more frequencies, 2.5 Hz and 3.0 Hz were tested for the vertical motion of the
horizontally oriented handle and for the horizontal motion of the vertically oriented handle. Each subject
performed the total of 110 trials, (2 directions of movement ×3 handle orientations × 5 loads ×3
frequencies) + (2 tasks× 5loads ×2 frequencies).
At the amplitude of the harmonic oscillation of 5 cm and the frequencies 1.0 Hz, 1.5 Hz and 2.0 Hz,
2.5 Hz and 3.0 Hz the computed peak values of acceleration were 1.97, 4.44 and 7.89 m/s2, 12.34 and 17.77
m/s2, respectively (amax=ω2x, where ω is the circular frequency measured in radians per second and x is the
amplitude). Note that when the handle was oriented horizontally (or at 45o) and the acceleration exceeded 1
g = 9.81 m/s2 the thumb had to generate force to accelerate the handle downward.
Each test lasted 15 s; there was a 20-s break between consecutive trials. At the beginning of the test for
each load condition, subjects were asked to hold the handle at rest with minimum effort and the static finger
forces were recorded for 15 s. The order of the tests was pseudo-randomized. The subjects were instructed
to move the handle along a straight line and to keep its orientation constant throughout the test. The
movement of the handle was performed mainly at the elbow and shoulder joints. The movement was
visually monitored by the experimenter. Handle rotation and wrist movement were not recorded but based
on the visual observations they were assumed small.
Data analysis
The data analysis included: (a) computing the digit forces and moments, (b) determining the internal
forces and (c) phase angles analysis.
Digit forces and moments
Raw data were low-pass filtered at 5 Hz with a 4th-order Butterworth filter. In some trials, low-frequency
changes in the normal force were observed. Therefore, a high-pass filter at a cutoff frequency of .3 Hz was
applied to the normal force and an offset was added such that the filtered force had the same mean as the
unfiltered normal force. The normal and tangential force components were recorded. Acceleration was
calculated along the direction of the handle movement. For the diagonal handle orientation the resultant
acceleration was calculated as a =

ax2 + a y2 .

The point of application of the VF normal force can displace due to (a) different sharing of the force
among the fingers and/or (b) displacements of application points of individual digit forces on the sensors.
The y coordinates of digit force applications with respect to the sensor centers were computed as

di = m ix f zi (i = 1, 2, 3, 4, 5) where mix represents the moment of the ith digit with respect to x axis and

f z i represents the normal force of the ith digit. The computed values were then used to compute the
moment arms of the digit forces in the handle reference frame.
When the thumb and VF normal forces are not collinear they form a force couple, which generates a
VFn

moment of the couple. The moment of the VF normal forces about axis x ( M x
VFn

point of the thumb force application as: M x

4

(

) (
4

) was computed about the

)

= ∑ f zi × ri + ∑ f zi × d i , where ri represents the
i =1

i =1

moment arm of the normal force of the ith finger with respect to the point of the thumb force application.
Determining the internal forces
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In five-digit grasps, vector of individual digit forces and moments f is a 30×1 vector. Its relation with
a 6×1 vector F of the resultant forces and moments acting on the object is described by –F=Gf, where G is
a 6×30 grasp matrix (Salisbury and Craig 1982; Kerr and Roth 1986). Vector of the internal forces fi lies in
the null space of G (the null space of a m by n matrix G is the set of all vectors f in Rn such that Gf = 0

{f ∈ N(G) Gf = 0} ). Because the rank of a 6×30 matrix is at most 6, the dimensionality of the null
space of the grasp matrix (its nullity) is at least 24. Hence there exist many finger force-moment
combinations that interact in such a manner that the individual forces and moments cancel each other and
do not contribute to the manipulation force. For instance, if individual tangential finger forces are in
opposite directions, ulnar and radial, these force components can annul each other such that the resultant
tangential force equals zero. Analysis of all the 24 basic vectors of N(G) would be a daunting task.
We restricted the analysis to the planar case. Only the normal and tangential components of the VF and
thumb forces were analyzed. A two-digit pinch grasp with soft finger contacts has been previously studied
in the literature (Kerr and Roth 1986). In such a grasp two internal forces are recognized. The first internal
force corresponds to equal values of the normal components of the digit forces, and the second to equal
values of the twisting moments around the axes normal to the surfaces of the contacts. The latter
combination cannot however be realized in single-hand grasping: people cannot twist the thumb and the
finger(s) in opposite directions (in two-hand grasping with two fingers this option can be realized). Because
of that, the twisting moment was neglected in the present study.
To account for the moment generated by the VF-thumb normal forces, a variable coordinate of the
point of application of the VF normal force could be used in matrix G. However, such a technique would
make the equation –F=Gf non-linear (a variable force would be multiplied by a variable moment arm). To
linearize the above equation we used the following experimentally established fact: Humans control
grasping force and rotational equilibrium of hand-held objects independently—the FG magnitude does not
correlate with the moment that the FG generates (Shim et al. 2003, Zatsiorsky and Latash 2004). This
pattern of coordination exemplifies the principle of superposition suggested in robotics (Arimoto et al.
2001). Following the principle of superposition for the handle shown in Figure 1, the equation –F=Gf was
written as
⎡ −1.00
−F = ⎢ 0.00
⎢⎣ 0.00

1.00
0.00
0.00

0.00
1.00
0.03

0.00
1.00
−0.03

0.00
0.00
1.00

⎡ f nth ⎤
VF
⎤ ⎢ fn ⎥
⎥ ⎢ f t th ⎥
⎥⎦ ⎢ ftVF ⎥
⎢ VFn ⎥
⎢⎣ M x ⎦⎥

(1)

where the subscripts n and t refer to the normal and tangential force components, respectively. In equation
(1) all the elements of matrix G are constant. Note that the two left elements in the last row were set to zero
th

VF

which is equivalent to postulating that the normal forces of the thumb and VF, f n and f n

, do not

generate the moment about the x axis (the forces are collinear). The effect of possible displacement of the
VFn

VF force coordinate is represented by the moment M x

included in vector f. The nullity of the matrix in

equation (1) equals two. The orthonormal basis vectors spanning the null space of G are (0.03 0.03 –0.706
0.706 0.042)T and (–0.706 –0.706 –0.030 0.030 0.002)T. (The basis vectors were calculated by using the
singular value decomposition with function, null, in Matlab 6.1). All the vectors that can be obtained from
the basis vectors by scalar multiplication and vector addition belong to N(G) which is a 2-dimensional
space. It is more convenient, however, to simplify the analysis.
Matrix G in equation (1) can be split into two independent matrices. The first row makes a (1×5) matrix
G1 and the last two rows make a (2×5) matrix G2. After deleting zero elements in matrices G1 and G2 their
order will decrease to (1×2) and (2×3), respectively. Then, equation (1) can be broken into two equations
G1ff = 0 and G2fm = 0, where ff and fm are (2×1) and (3×1) vectors, respectively. The orthonormal basis
vectors spanning the null spaces of G1 and G2 are (0.7071 0.7071)T and (–0.7065 0.7065 0.0424)T,
respectively. The basis vectors satisfy the following equations:
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⎡0.707⎤
(2)
G1f f = [− 1.00 1.00]⎢
⎥=0
⎣0.707⎦
⎡− 0.7065⎤
⎡0 ⎤
⎡1.00 1.00 0.00⎤ ⎢
G 2f m = ⎢
0.7065 ⎥⎥ = ⎢ ⎥
⎥
⎢
⎣0.03 − 0.03 1.00 ⎦ ⎢ 0.0424 ⎥ ⎣0⎦
⎦
⎣
Vectors ff and fm can be multiplied by any real number; equation (2) will still be valid. The null
space of G1 corresponds to the internal force produced by the normal forces of the thumb and VF. When a
grasp is oriented vertically and the object is either at rest or is moved in the vertical direction, the thumb
and the opposing fingers exert equal and opposite normal forces that cancel each other. These equal forces
represent the grip force FG. In all other cases, the forces are not equal, and the smallest of them represents
the internal force. The null space of G2 corresponds to the tangential force production and the moment
VFn

production about X-axis: the moment M x
[ M t ( x) − M x

VFn

is canceled by the moment of the tangential forces M t ( x )

= 0.03 ( FtVF − Ft th ) − M xVfn = 0 ]. If the handle is in rotational equilibrium M t ( x ) = –

M xVFn . If it experiences angular acceleration, the smaller of these two moments represents the internal
moment.
Phase angle analysis
While the recorded thumb and VF forces depended on the loads and frequencies (as it should be
expected from the basic mechanics), we did not analyze these data in detail in the present paper limiting the
analysis only to the phase relations between the variables.
Fast Fourier Transform (FFT) analysis of the handle acceleration and the digit forces was performed
for each data series over each whole test period. The number of points for the FFT was chosen as 218 (64 ×
212, where 212 is the nearest integer that satisfies the condition 212 >3000, the total number of data points in
one trial). Such a technique allows for a better resolution due to the zero-padding effect (Proakis and
Manolakis 1996). The phase angles at which the power spectrum magnitude attains the maximum were
defined. The phase differences (relative phase) between the signals were then computed.
The phase angle analyses were done through circular statistics (Batschelet 1981). To test whether the
samples are clustered or significantly different from randomness, the Rayleigh test was applied. To further
test whether the observed angles have a tendency to cluster around a given angle the V-test (the modified
Rayleigh test) was applied. The null hypothesis H0 was that the relative phases are distributed uniformly. In
five tasks of six, the null hypothesis H0 was rejected: the relative phases were clustered around either 0 or
180° (Figure 2A, B, C). In these tasks, the data on the relative phases were combined over the loads,
frequencies and subjects. The only exception was the HV task where the relative phases depended on the
frequency, Figure 2D, E, F. These data were analyzed separately. Statistical analysis was done in the
Statistics toolbox of Matlab 6.1 (The MathWorks, Inc., Natick, MA, USA).
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A
VH- 1 Hz

B
VH-2 Hz

C
VH-3 Hz

D
HV-1 Hz

E
HV-2 Hz

F
HV-3 Hz

Figure 2. Relative phase between the normal forces of the thumb and VF at different frequencies (across all subjects and
load conditions), circular histograms. Upper panels - VH task, bottom panels – HV task. Movement frequencies were 1.0, 2.0 and 3.0
Hz; n = 30 (6 subjects ×5 loads). In these and other circular histogram, if not stated otherwise: (i) Thick black arrow represents the
mean phase angles and the gray triangle represents the angular standard deviation, and (ii) the dashed lines illustrate the data for
individual bins, the bin size is 20°. The positive values of the phase angles in the VH tasks (bottom panels) indicate that the VF force
trailed the thumb force.

Results

The results are presented in two subsections dealing with the internal force and internal moment,
respectively. The sequence in the subsections is: (a) parallel manipulation, (b) orthogonal manipulation,
and (c) diagonal manipulation.
Internal force
Parallel manipulation The parallel manipulation included two tasks: the VV manipulation and the HH
manipulation.
VV manipulation has been extensively studied previously and is included here mainly for comparison.
During the VV manipulation the normal forces of the thumb and VF changed in phase with the acceleration
(manipulation force). For instance, the phase angle between the VF normal force and the handle
acceleration was only 0.29±3.87° (sample mean ±SD; Figure 3A, B); the statistically significant clustering
around a zero angle was confirmed with the V-test (i.e. the null hypothesis H0 was rejected; p<0.01). The
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finding supports the existence of a tight coupling between the internal and manipulation forces reported
previously (the FG-FL coupling). The same was true for the thumb and VF normal forces; the mean phase
angle was 0.85±10.74° (V-test, p<0.01, Figure 3C). The coordination pattern characterized by a
simultaneous (in phase) increase or decrease of the normal forces of the thumb and VF will be called the
symmetric GS. Hence, in the VV task a symmetric GS was used.

A

B

C

Figure 3. VV manipulation. (A) Normal forces of the thumb and VF (N) versus the handle acceleration in the vertical
direction. A representative trial, weight (W) 8.8 N, frequency 1.5 Hz, representative subject. With the acceleration from approximately
–0.5 g to 0.5 g the tangential force L (load) varied from approximately 4.4 to 13.2 N (L= W+ma). The range of the internal force
fluctuations was approximately 4.0 N, from 4.0 to 8.0 N. (B) The VF normal force - acceleration phase angles (circular histogram).
The phase angles cluster around zero degree. (C) The VF normal force – thumb normal force phase angles (circular histogram). In
this and other following circular diagrams if not stated otherwise n = 90 (6 subjects ×5 loads ×3 frequencies). The designations are the
same as in Figure 2.

HH manipulation. During the HH manipulation, the VF supports the load and the internal force equals the
thumb normal force. An important distinction between the parallel manipulation in the vertical and
horizontal directions is that during the vertical manipulation the tangential force exerted by the subject—if
the down ward acceleration of the handle does not exceed 1 g— is always directed upward, while during
the horizontal manipulation the tangential force during a cycle changes its direction. The normal forces of
the thumb and the VF changed in phase (the mean relative phase is 1.39°, Figure 4B) and only slightly
increased with the acceleration magnitude (Figure 4A).

B
A
Figure 4. HH manipulation. (A) Normal force of the thumb versus the handle acceleration in the horizontal direction.
Representative trials, the load was 13.8 N, the frequencies were 1.0 Hz, 1.5 Hz and 2.0 Hz, representative subject. The internal force
varied less than 2.0 N. (B) The thumb normal force-VF normal force phase angle (circular histogram).

Orthogonal manipulation The orthogonal manipulation included two tasks: the VH manipulation and the
HV manipulation.
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VH manipulation. The normal force of the thumb changed out-of-phase with the VF force (Figure 5C). The
phase angle clustered around 180 degree (176.91±20.17°; clustering was confirmed by the statistical Vtest). The reciprocal changes were also revealed by plotting the normal force with respect to the handle
acceleration: as illustrated in Figure 5A the normal forces of the thumb and VF changed in opposite
directions. We will call such reciprocal thumb force-VF force changes the anti-symmetric GS. Note that
this terminology does not imply that the reciprocal force changes are due to the modulation of the efferent
signals to the corresponding muscles; they may be due to purely mechanical effects. The internal force
demonstrated an ‘inverted V’ pattern with respect to the handle acceleration (Figure 5B). The maximal
values of the internal force corresponded to the instances of zero acceleration and the minimal internal
force was exerted when the acceleration magnitude was maximal. The average force

[( Fnth + FnVF ) 2] was approximately constant regardless of the acceleration magnitude and
direction.
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Figure 5. VH manipulation. (A) Normal forces of the thumb and VF versus the handle acceleration in the horizontal
direction. A representative trial, the load was 11.3 N, the frequency was 3 Hz, representative subject #1. (B) Internal force and average
normal force versus the handle acceleration. The range of the internal force fluctuations was approximately 8.0 N, from 12.0 N to 21.0
N. (C) The thumb normal force-VF normal force phase angle [circular histogram, n = 150 (6 subjects ×5 loads ×5 frequencies)].

HV manipulation. This was the only manipulation where the relative phases depended on frequency (see
Figure 2D, E, F above and Figure 6). At low frequencies, e.g. at 1 Hz frequency , the thumb force—which
is an internal force in this task—did not change much during the performance (Figure 6A). The relative
phase of the thumb-VF forces varied substantially; at 1 Hz it was on average 66.99° and the standard
deviation was 72.62° (Figure 2D). With an increase in the frequency, the phase angle increased and its
standard deviation decreased; the phase angle was 124.53±53.31° at the frequency of 1.5 Hz, 152.13±52.6°
at 2.0 Hz, 161.09 ±15.79° at 2.5 Hz and 165.30±15.34° at 3.0 Hz. Hence, at higher frequencies, the normal
force of the thumb changed approximately out of phase with respect to that of the VF (and slightly ahead of
it). The anti-symmetric GS was also revealed by plotting the thumb and VF normal forces with respect to
the handle acceleration: the forces change in opposite directions (Figure 6A). At the high oscillation
frequencies when maximal values of acceleration exceeded 1 g, the VF and thumb normal forceacceleration curves intercepted at the acceleration level of 1 g; as a result, the internal force-acceleration
relation had an ‘inverted V’ shape with a peak at 1 g (Figure 6B).
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B

A

Figure 6. HV manipulation. (A) Normal forces of the thumb and VF versus the handle acceleration in the vertical
direction. Two representative trials, the load was 13.8 N, the frequencies were 1Hz and 3Hz, representative subject. (B) Internal force
and average normal force versus the handle acceleration. Frequency 3 Hz. The internal force changed from approximately 10.0 N to
24.0 N.

Diagonal manipulationThe diagonal manipulation included two tasks: the DV manipulation and the DH
manipulation. During such manipulations, the VF supports the load and the internal force equals the thumb
normal force.
DV manipulation. The normal forces of the thumb and VF positively correlated with the handle
acceleration (resultant force) in the vertical direction (Figure 7A). Normal force of the thumb changed inphase with that of the VF; mean phase angle was –1.03° (Figure 7B). Hence, the symmetric GS was used.
The normal forces of the thumb also changed in-phase with the handle acceleration (Figure 7C). Both inphase changes have been confirmed by the V-test (p<0.01).

A

B

Figure 7. DV manipulation. (A) Normal forces of the thumb and VF versus the handle acceleration in the vertical
direction. A representative trial, the load was 13.8 N, the frequency was 2 Hz, representative subject. Note that when the handle
acceleration is negative (directed downward) the vertical component of the resultant force exerted on the handle is still positive. The
internal force fluctuation was small; below 2.0 N. (B) The phase angles between the normal force of the thumb and VF (circular
histogram). (C) The phase angles between the thumb normal force (the internal force) and the handle acceleration (circular histogram).

C
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DH manipulation. The normal forces of the thumb and VF changed in anti-phase with each other (antisymmetric GS) (Figure 8A, C). This may be explained by the task mechanics: when the handle was
accelerated to the right (positive values of the acceleration) the manipulation force was provided by the
thumb while the leftward acceleration was due to the VF force. In this regard the task was similar to the VH
task. The thumb normal force changes were coupled with the handle acceleration (Figure 8B). However,
we cannot claim that the changes were in anti-phase, because this conclusion depends on the selected
direction of the coordinate axes. If the positive direction were selected to the left, the phase angles would
be around zero degrees (in-phase).

C

B

A

Figure 8. DH manipulation. (A) Normal forces of the thumb and VF versus the handle acceleration in the horizontal
direction. A representative trial, the load was 13.8 N, the frequency was 2 Hz, representative subject. The range of the internal force
fluctuations was approximately 7.0 N, from 10.0 N to 17.0 N. (B) The phase angles between the normal force of the thumb and the
handle acceleration (circular histogram). Note that this graph is only valid for the selected direction of the coordinate axes. (C) The
thumb normal force-VF normal force phase angle (circular histogram).

The results for all the six tasks are summarized in Table 1.

Table 1. Summary of the results
Manipulation
VV
Parallel

Coupling of the thumb
and VF normal forces
(Grasping synergies)
Symmetric
Symmetric

HH
VH
Orthogonal
HV
DV
Diagonal
DH

Anti-symmetric
Depends on the
frequency.
Approximately antisymmetric at high
frequencies.
Symmetric
Anti-symmetric

Internal force-manipulation force
(acceleration) couplung
Positive
Positive (the internal force increases
slightly with the acceleration
magnitude)
Inverted -V pattern (symmetric)
Depends on the frequency. At high
frequencies an asymmetric inverted-V
pattern with the peak at 1 g
Positive
Positive (for the selected direction of
the coordinate axes)
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Internal moment
Internal moments —i.e. the moments of the tangential forces and the normal VF forces—were small
(below 0.05 Nm, with the exception of the VV manipulation where they were up to 0.11 Nm). However,
the internal moments were always present and their changes in a trial showed a strong negative correlation;
as expected they cancelled each other (Figure 9). During the VH and DH manipulations (Figure 9D, F), the
moments did not change substantially with the handle acceleration, while in the other four cases they were
coupled with the acceleration, and hence coupled with the manipulation force.

A

B

C

D

E

F

Figure 9. Representative examples of internal and resultant moments in various tasks. Abbreviations: NFM-Moment of
normal force; TFM-Moment of tangential force; Sum = (NFM+TFM) = resultant moment. (A) VV: 2 Hz, 13.8 N, representative
subject; (B) HH: 1 Hz, 6.3 N, representative subject; (C) HV: 1.5 Hz, 8.8 N, representative subject; (D)VH: 1 Hz, 8.8 N,
representative subject; (E) DV: 2 Hz, 3.8 N, representative subject; (F) DH: 1 Hz, 8.8 N, representative subject.
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Discussion

Internal forces do not affect equations of motion (Murray et al. 1994) and hence control of manipulation
can be broken up into two sub-tasks—‘holding’ and ‘tracking’—which can be controlled independently.
For instance, the performers in our tests could grasp the object with a large force and then keep this force
constant during the performance. Such a control strategy (which is commonly used in robotic grippers –
Zuo and Qian 2000) simplifies the control —the controller does not have to bother about on-line
adjustments of the grip force to the object acceleration and/or orientation. This strategy requires, however,
exerting unnecessarily large forces and is in this sense uneconomical. Available data suggest that at least in
some tasks the CNS prefers to face larger computational costs rather than produce excessive forces.
Parallel tasks and symmetric GSs
The symmetric GSs have been observed in the parallel tasks, VV and HH, as well as in the DV task
(Figures 3, 4 and 7). In the first two tasks the manipulation force is a tangential force and in the DV task the
tangential component is large due to the contribution of the object weight. The FG - FL force coupling
during lifting or oscillating a vertically oriented handle (the VV task) has been well documented in
previous studies (Flanagan and Tresilian 1994; Flanagan and Wing 1993, 1995; Kinoshita et al. 1996): FG
and FL change in parallel. A common interpretation has been that the CNS increases FG in-phase with the
rise of FL in order to prevent the slipping of the object out of the hand. Note, however, that this control
strategy is not necessitated by the task mechanics: Other strategies could work equally well provided that
FG is large enough for slipping prevention. In the HH task the increase of the FG with the acceleration
magnitude was only slightly manifested (Figure 4A), which may be explained by the small acceleration
(and hence tangential force) values.
Orthogonal tasks and the reciprocal force changes
The reciprocal changes of the thumb and VF normal forces have been observed in the orthogonal
tasks, VH and HV, as well as in the DH task. In the first two tasks the manipulation force is the resultant
normal force. During the VH task, when the normal force of the VF/thumb was increasing, the normal
force of the opposing digit(s) —which is an internal force in this case—was decreasing by approximately
the same amount, such that the average force stayed approximately constant (Figure 5B). Comparable
reciprocal changes of the normal forces during a VH task were previously briefly mentioned by Kinoshita
et al. (1996). However, the control of a similar movement when using two hands is different
(Reinkensmeyer et al. 1992).
While the kinematics of the single-hand and two-hand VH manipulations are analogous, the dynamics
are quite different: During the two-hand manipulation, one hand accelerates not only the load but also the
other hand, while the other hand slows down the hand-load-hand system. As a result, the hands squeeze the
load with a large force during the movement, i.e. the internal force increases. Theoretically, such
coordination is possible in single-hand manipulation. However, in contrast with the two-hand manipulation
during the single-hand VH manipulation the internal force decreases when the acceleration increases and
attains its maximum at the instant of zero acceleration (and hence at the instant of maximal velocity; the
inverted-V pattern, see Figure 5B). This result is in agreement with the recent data reported by Smith and
Soechting (2004). In their experiment, the subjects held an instrumented object in a tripod grasp and moved
it in the horizontal plane in various directions (distance 40 cm, movement duration 500 ms). The grasping
forces increased during the movement, reaching a peak near the time of peak velocity.
We found that the reciprocal pattern of the VF and thumb forces is very robust: when subjects were
instructed to maintain the grip force constant they were unable to do this even with visual feedback (Figure
10).
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Figure 10. The internal (‘grip’) forces during the VH manipulation under the instruction to maintain the grip force constant,
with (panel A) and without (panel B) visual feedback. Representative examples, the load was 3.8 N, the frequency was 1.5Hz,
representative subject. Note the similarity of the patterns with those in Figure 5B. The range of the internal force fluctuations is
approximately 1.0 N, cf. Figure 5.

While the systematic changes of the manipulation force are mechanically necessary the mechanisms of
the internal force changes are less evident. We view the internal force changes as a result of superposition
of (1) ‘static’ grip force and (2) its modulation during the movement due to (a) mechanical effects and (b)
muscle activation changes. The discussion that follows will be accompanied by figures that are intended to
illustrate the main ideas rather than serve as a proof of their validity.
To measure the ‘static’ FG during the motion we analyzed the digit forces at the instances when the
handle acceleration was zero during a trial. The conclusion is that the FG does not stay constant; it varies
from a cycle to cycle (Figure 11). The range of the cycle-to-cycle fluctuations was approximately 25% of
the average force.
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Figure 11. Normal forces of the thumb and VF measured at the instances when the handle acceleration equaled zero. A
representative example. VH manipulation, frequency 2.5 Hz, load 3.8 N. The range of cycle-to-cycle force variation is approximately
1.5 N.

The modulation of the internal force can be (a) a pure mechanical phenomenon, (b) induced by the
central controller. Most probably it emerges from the combination of these two mechanisms. The
contribution of the elastic properties of the gripper (hand) can be proven with a simple experiment: When
the handle was grasped by a rigid mechanical gripper with elastic tips the pattern of the FG modulations
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was similar to those obtained from the human hands (Figure 12). Hence, changes in the neural control of
digit force are not necessary to obtain the ‘inverted V’ pattern of the internal force.
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Figure 12. Internal forces during the VH manipulation (2 Hz, load 3.8 N.). Representative examples. While the ‘static’
grip force was larger with the gripper, the patterns of the internal force modulations were similar. However, the range of the internal
force modulation was larger when the hand was grasped by the hand (approximately 2.5 N) than by the gripper (approximately 1.5 N).

This finding, however, does not discard the possibility that humans activate the involved muscles
reciprocally. Such a reciprocal activation of the finger flexor and extensor muscles can be intentional or it
can be a byproduct of the entire activation pattern. For instance, fast elbow movements are accompanied by
the activation of the wrist flexors and extensors (to prevent the ‘flapping’ of the hand – Latash et al. 1995)
and because the extrinsic finger muscles cross the wrist such an activation of the wrist muscles may induce
changes in the fingertip forces (Werremeyer and Cole 1997). The reciprocal activation of the finger flexors
and extensors cannot be confirmed or discarded without EMG recordings. We are planning to perform
these experiments in near future.
Mechanically, the internal force modulations depend on the mass of the moving object and its
acceleration, stiffness of the digit pads (at forces exceeding 4 N the stiffness pads are completely
compressed and hence do contribute to the force modulations – Serina et al. 1997) and apparent stiffness of
the digit joints, as well as on some other mechanical variables, such as for instance the ‘static’ grip force:
when the subjects were asked to grasp the handle as hard as possible and then move it, the modulations of
the FG in a cycle associated with the handle acceleration were much smaller than the cycle-to-cycle
variation of the FG (i.e. the inter-cycle variability was much larger than the intra-cycle changes, Figure 13).
Hence, depending on the task, the contribution of the pure mechanical factors versus the centrally
controlled adjustments of the digit forces may vary. This issue deserves future research.
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Figure 13. Internal force during oscillation of the handle with a regular grasp (low traces) and a high force grasp (upper
traces). The subject was instructed to grasp the handle with minimal force and then increase the force to maximal. An example, VH
task, frequency 2Hz, load 3.8 N. The range of the internal force fluctuations was approximately 2.0 N in both tasks.

During the HV task, the manipulation force is directed vertically; it has an anti-gravity and an inertial
component. At the low oscillation frequency, the inertial fraction is smaller than the handle weight. For
instance, at the oscillating frequency of 1 Hz and oscillation amplitude of 0.05 m the peak acceleration is
only 1.97 m/s2 (<1 g). For downward motion, such acceleration can be achieved due solely to gravity force
without exerting the thumb force (Figure 6A; the data for 1-Hz oscillation). However, when the frequency
and acceleration values increased (e.g. at 3 Hz the peak acceleration is 17.77 m/s2 > 1 g) the reciprocal
pattern of digit force coordination (the anti-symmetric GS) was observed with the peak internal force at
exactly 1 g. Overall, the anti-symmetric GS is typical of the HV task (Figure 6).
During the DH task, an anti-symmetric GS was observed: When the thumb or VF exerted a force opposite
to the acceleration direction, the force magnitude decreased during the movement. The dissimilarity of the
DH and DV manipulations (cf. Figures 7 and 8) is evidently due to the different direction of the
acceleration with respect to the gravity force.
On the relation between the internal and manipulation forces
The internal force is defined via the null space of the grasp matrix; it is a basic fact in linear algebra
that the null space of a matrix is orthogonal to its rank space (see any textbook on linear algebra). Hence, it
should be expected that the internal force and the manipulation force are independent on each other. The
internal forces determined in this study do not influence the manipulation force: People can grasp an object
stronger or weaker or they can generate a larger moment of the tangential forces that is compensated by the
moment of the normal forces—such actions do not change the object acceleration or rotational equilibrium.
However (see Figures 5, 8, 10, 12 and 13) it is evident that, at least during the orthogonal manipulation, the
manipulation forces affect the internal forces. This fact creates an impression that, in contradiction to the
incontestable mathematics, the internal forces and manipulation forces are not independent. Such an
apparent controversy deserves an explanation. The null space of the grasp matrix (its basis vectors) depends
only on the matrix itself, i.e. on the grasp geometry, and hence it does not depend on the handle
manipulation – its direction, speed, handle orientation etc. However, the vector of the individual finger
forces and moments f depends on it. During the manipulation, the vector f is different at each instant and
hence the values of the manipulation force vector fm and the internal force vector fi can also change.

On the internal (grasping) force

74
To summarize the results on the internal force during the object manipulation we conclude that the
CNS uses different patterns of the thumb-VF coordination when the manipulation force is in a tangential
direction as compared with the manipulation in the normal direction. When the manipulation force is in a
tangential direction, the symmetric pattern of the thumb-VF coordination is used: The thumb and VF work
in synchrony to grasp the object stronger or weaker. In contrast, when the manipulation force is in the
normal direction the anti-symmetric force changes are recorded: When the normal force of either thumb or
VF increases, the force exerted by the opposing digits decreases.
In the explanation of the mechanisms of the FG -FL coupling, a large role is assigned to the interaction
between the perception and action (Johansson and Westling 1984, 1988; Flanagan et al. 1995; Johansson
1998; Wiesendanger and Serrien 2001; for the review see also Flanagan and Johansson 2002). We put
forward a hypothesis that sensing large tangential forces at the digit tips induces the symmetric GS that
results in increased FG force, while sensing large normal forces from either the thumb or the VF results in
the anti-symmetric force production pattern, it decreases the force exerted by the opposing digit(s). Such a
force pattern is likely to result from both mechanical and neural mechanisms.
Several studies have shown no time delays between adjustments in the load and grip forces or even
anticipatory adjustments in the grip force during manipulation of hand-held objects (Johansson and
Westling 1988; Scholz and Latash 1998). These observations argue against a major role of sensory
feedback in the GSs and suggest that they are based on feed-forward adjustments in the two forces.
However, during cyclic actions, as in the current study, it is possible that sensory information plays a major
role at the initiation of the action, and then the control of the GS switches from mostly feedback to mostly
feed-forward.
Internal moments
The existence of the internal moments during the object manipulation has not been reported
previously. Mechanically, for the handle to be in rotational equilibrium the torques produced by normal
VFn

force M x

and tangential force M t ( x ) should cancel each other (Zatsiorsky et. al. 2002ab; Zatsiorsky et.

al. 2003; Shim et. al. 2003; Zatsiorsky and Latash 2004) and hence the observed negative correlation
between them seems to reflect this torque constraints (Figure 9). However, the very production of the
internal moments and their systematic changes with the manipulation force (handle acceleration) observed
in the four tasks of six elude simple mechanical explanation. In particular, it may be due to the complexity
of muscle action owing to anatomical factors such that the production of forces is always associated with
the production of moments.
The relatively low magnitudes of the internal moments resulted from co-varied changes in the
contributions to these moments from the tangential and normal forces (Figure 9). Covariation between the
contributions of the normal and tangential forces to the total moment produced on a hand-held object in
statics was observed in an earlier study (Shim et al. 2004). It has been interpreted as resulting from a
particular control strategy, a synergy that stabilized a required value or time profile of the total moment.
This interpretation has been supported, in particular, by the observed lower covariation in elderly persons
as compared to young persons (Shim et al. 2004). Keeping the internal moment low may be viewed as
another component of the GS.
At the end, we have to acknowledge several delimitations of the present study: (1) the lack of EMG
analysis; (2) illustrative rather than convincing nature of some of the illustrations; (3) limited ranges of
loads and frequencies of motion; (4) analysis of only self-induced motions. We plan to resolve these
delimitations in future studies.
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Maintaining rotational equilibrium during object manipulation

Chapter 6 contains the following original manuscript:
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Maintaining rotational equilibrium during object manipulation:
Linear behavior of a highly non-linear system
Fan Gao, Mark L. Latash, Vladimir M. Zatsiorsky
Department of Kinesiology, The Pennsylvania State University

Abstract— We address issues of simultaneous control of the grasping force and the total moment of forces applied
to a hand-held object during its manipulation. Six young healthy male subjects grasped an instrumented handle and
performed its cyclic motion in the vertical direction. The handle allowed for setting different clockwise (negative) or
counterclockwise torques. Three movement frequencies, 1 Hz, 1.5 Hz and 2 Hz, and five different torques, –1/3 Nm, –
1/6 Nm, 0 Nm, 1/6 Nm and 1/3 Nm, were used. The rotational equilibrium was maintained by two mechanisms: (a)
Concerted changes of the moments produced by the normal and tangential forces, specifically anti-phase changes of the
moments during the tasks with zero external torque and in-phase changes during the non-zero-torque tasks, and (b)
Redistribution of the normal forces among individual fingers such that the agonist fingers—the fingers that resist
external torque— increased the force in phase with the acceleration while the forces of the antagonist fingers—those
that assist the external torque— especially, the fingers with the large moment arms, the index and middle, stayed
unchanged. The observed effects agree with the principle of superposition and the mechanical advantage hypothesis.
We would like to emphasize the linearity of the observed relations, which was not prescribed by the task mechanics and
seems to be produced by specific neural control mechanisms.

Introduction

Control of orientation of hand-held objects is important for everyday activities. For instance, when
drinking from a glass one needs to control the glass orientation in such a way that the liquid is not spilled
out.
The orientation control during prehension has been examined mainly in static tasks (Zatsiorsky et al.
2002a, b; 2003a, b; Shim et al. 2003; Zatsiorsky and Latash 2004; Pataky et al. 2004a, b). The grip force
has been shown to increase with an increase in the external torque (Zatsiorsky et al. 2002a, b, 2003). The
external torque was counterbalanced by the moments produced by both normal and tangential forces with
each of them generating approximately 50% of the total moment (Zatsiorsky et al. 2002a). Because the
normal forces produced by the thumb and by the fingers are not collinear, the finger forces generate the
moments of force with respect to the thumb as a pivot. The fingers that are located above and below the
thumb, for instance the index and the little fingers, generate moments in opposite directions (Li et al.
1998a, b). Moments in a desired direction —those that resist the external torque—have been termed the
agonist moments while moments in the opposite direction—assisting the external torque— have been
termed antagonist moments (Zatsiorsky et al. 2002). We will address fingers that generate agonist and
antagonist moments with respect to a given task (external torque) the agonist and antagonist fingers,
respectively.
The digit force production during static prehension in humans conforms to the principle of
superposition (Shim et al. 2003; Zatsiorsky et al. 2004; Zatsiorsky and Latash 2004), according to which
some actions can be decomposed into elemental actions that are controlled independently. Following this
principle reduces the amount of required computation and simplifies the control (Arimoto et al. 2001).
Two independent commands have been hypothesized: “Grasp the object stronger/weaker to prevent
slipping” and “Maintain the rotational equilibrium of the object”. The effects of the two commands are
summed up. The principle of superposition has been validated for both planar and three-dimensional
prehension tasks (Shim et al. 2004). Effects of changes in the external tangential torque and tangential load
on the grip force have also shown linear superposition (Kinoshita et al. 1997).
In static tasks requiring pronation or supination efforts, the force of the ‘peripheral’ fingers (with
longer moment arms with respect to the point of thumb contact, i.e. index and little) depends mainly on the
torque while the force exerted by the ‘central’ (middle and ring) fingers depended both on the external load
and torque (Zatsiorsky et al. 2002). These facts led to formulating the ‘mechanical advantage’ hypothesis,
according to which, in moment production, the fingers are activated in proportion to their moment arms
with respect to the axis of rotation (Shim et. al, 2004). This hypothesis has been confirmed in some static
tasks, including three-dimensional tasks (Shim et al. 2005), and was only in partial agreement with the data
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obtained during torque production on a mechanically fixed object when the distances from the fingers to
the axis of rotation were systematically varied (Shim et al. 2004).
In dynamic tasks— during vertical movement of a vertically oriented handle—the grip force increases
with load force. The tight coupling between the grip force (G) and the load force (L) was revealed in
diverse experimental conditions. In particular, G is modulated by the inertial forces acting during lifting an
object (Johansson and Westling 1984), shaking and point-to-point arm movements (Flanagan and Wing
1993, 1995; Tresilian et al. 1993; Flanagan, Tresilian 1994; Kinoshita et al. 1996), and during locomotion
(Gysin et al. 2003). It is also modulated by the weight of the object (Johansson and Westling 1984;
Winstein et. al. 1991), abrupt load perturbations (Cole and Abbs 1988; Eliasson et al. 1995, Serrien et. al.
1999), friction conditions (Cole and Johansson 1993; Cadoret and Smith 1996; Burstedt et. al. 1999),
tangential torques (Kinoshita etl. al. 1997), and gravity changes during parabolic flights (McIntyre et. al.
1998; Hermsdorfer et. al. 1999a; Augurelle et. al. 2003). G has been assumed to be adjusted to expected L
(Johansson and Westling 1984; Flanagan and Wing 1995). Hence, the G-L coupling is mainly controlled by
a feed-forward mechanism while feedback based G adjustments are triggered by cutaneous sensation when
necessary (Johansson and Westling 1984; Flanagan and Wing 1995). During object manipulation, the
effects of the static weight and inertial forces on G are not identical (Zatsiorsky et al. 2005). Three fractions
of G have been quantified: (a) static, (b) dynamic and (c) stato-dynamic. When an object is being moved in
the vertical direction G: (a) is on average higher than in static tasks — the difference between G values at
the instances of zero vertical acceleration and in statics was called the stato-dynamic fraction of the G; and
(b) changes with object acceleration (and, hence with the tangential forces at the fingertips) —the
corresponding fraction of the G force was called the dynamic fraction. The dynamic fraction may be
characterized by the slope of a G-L linear relation. In the above studies the external torque exerted on the
object was zero.
The rotational equilibrium during object manipulation was addressed in only one study dealing with the
internal forces (Gao et al. 2005). The elements of an internal force vector cancel each other and, hence, do
not contribute to the resultant force and moment acting on the object (Mason and Salisbury 1985; Kerr and
Roth 1986; Yoshikawa and Nagai 1991; Murray et al. 1994). It has been shown that during the performance
people exert internal moments on the object such that the moments of the normal and tangential forces (Mn
and Mt, respectively) change in opposite directions in synchrony and cancel each other. As a result, the
total moment exerted on the object is close to zero and rotational equilibrium is preserved.

PROBLEM STATEMENT

Imagine a person grasping a vertically oriented object of an irregular shape such that the hand needs to
resist a load force L and a non-zero moment M to hold it statically (see Figure 1 below). During motion of
the object in the vertical direction, both the L and M change. How does the person adjust digit forces and
moments to keep the object orientation constant?
During the movement, the load force equals
L=W+m·a
(1)
where W is the total weight of the object, m is its mass and a is the acceleration. The object is represented
as a combination of two masses, one is located on the vertical axis passing through the hand and does not
produce a time varying moment. The other (mload ) is off that axis by a distance d. The external moment M
equals
M= Mst+mload·a·d
(2)
where Mst is the static moment. Hence, both L and M change in proportion to the acceleration. Such a
task imposes conflicting demands on the individual normal finger forces, F (for brevity we omit the
superscripts and subscripts in the symbol Fi

n

where n stands for normal and i = 1, 2, 3, 4). The well

established G-L coupling requires that G —the force generated by all the fingers— changes in synchrony
with L. This would prevent the object from slipping. In contrast, to maintain the rotational equilibrium of
the object, the force of only the agonist fingers should rise with a. The question is how does the CNS sort
out these two conflicting demands?
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Methods

Six healthy right-handed male university students (27±6 yrs, 75±9 kg) volunteered to be subjects in
this study. Subjects had no previous history of neuropathies or trauma to the upper extremities. All subjects
gave informed consent according to the procedures approved by the Office for Regulatory Compliance of
The Pennsylvania State University.
Experimental setup
An aluminum handle composed of two horizontal bars and two vertical pillars was used in this study.
The handle was attached to the top edge of an aluminum beam (5.0 cm ×85.0 cm × 0.6cm) at the midpoint
in the medio-lateral direction (Figure 1). Five six-component force/moment transducers (Nano-17, ATI
Industrial Automation, Garner, NC, USA) were mounted on the pillars. The center points of the sensors
were evenly distributed with the span of 25 mm. The grip width (the distance between the surfaces of the
thumb contact and of the finger contacts) was 60 mm. The surfaces of the transducers were coated with
100-grit sandpaper. The friction coefficient between the skin and sandpaper was between 1.4 and 1.5 (Gao
2002). A tri-axial accelerometer (EGA 3, Entran, USA, range ±5g, weight 7 gram) was mounted on the
horizontal bar at the middle of the handle to record the movement of the handle. The total weight of the
handle including the load was 9.6 N.
Handle Pillar
60 mm
Y

ATI
Sensors

25 mm

X

Sensor

25 mm

Accelerometer

Y

25 mm

O

O

Z

X

P yi

Application Point
Side View

d

m = 0.285 kg
Figure 1. Schematic drawing of the handle with the horizontal beam.
The output cables of the sensors were tied together and hung 20 cm above the top of the handle to
avoid interference during the cyclic movement of the handle. The output signals of the sensors were input
to two 32-channel 12-bit AD converters (PCI-6033E, National Instruments, Austin, TX, USA). The digital
signals were processed using a PC computer (Dell Dimension 8200, USA). The sampling frequency was set
at 200 Hz. Data were recorded by a customized program written in LabView 6.1 (National Instruments,
Austin, TX, USA).
Test Procedure
Before the experiment, subjects cleaned the tips of the digits with alcohol to normalize skin condition.
The subjects were instructed to hold the handle statically with the forearm unsupported, the tips of the
digits placed over the centers of the sensors before each trial. Before each task condition the subjects were
trained to ensure proper performance. A rhythmic audio signal was provided, and the subjects tried to
follow the tempo of the signal. The recording started when the subjects could match the rhythm well. In
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general, the subjects followed the signals well, and the average frequencies of the cyclic movement when
the metronome was set at 1.0, 1.5 or 2.0 Hz, were 0.98±0.12, 1.44±0.19 and 1.93±0.25 Hz respectively.
Subjects were instructed to make vertical cyclic arm movements while timing the movements to the
beeps generated by the metronome. Two horizontal ropes, 10 cm apart in the vertical direction, showed the
target range of the movements. The subjects were instructed to move the handle along a straight line and to
keep its orientation constant throughout the trial. The movements of the handle were visually monitored by
the experimenter. Handle rotation was not recorded but based on the visual observation it was assumed
negligible. Three movement frequencies, 1 Hz, 1.5 Hz and 2 Hz, and five different torques, –1/3 Nm, –1/6
Nm, 0 Nm, 1/6 Nm and 1/3 Nm, were used (suspending the load at different positions caused external
torques in either clockwise – positive, or counterclockwise - negative directions).
Each test lasted 15 s; 20-s breaks were given between consecutive trials. The order of the tests was
pseudo-randomized. At the beginning of the test for each load condition, subjects were asked to hold the
handle in equilibrium with minimum effort and the static finger forces were recorded for 15 s.
Data analysis
In the transducer-fixed reference system the grip forces were normal to the transducer surface (in the zdirection). The load force was tangential to the surface (along the y-axis), aligned with the vertical pillars.
The fingertip-sensor interfaces were modeled as the soft finger contacts (Mason and Salisbury 1985) that
allow for displacing the point of digit force application over the sensor surface. The y coordinates of the
i
f zi (i = 1, 2, 3, 4, 5)
i
i
i
where mx represents the moment of the ith digit with respect to x axis and f z represents the normal force

digit force application with respect to the sensor center were computed as y = m x

of the ith digit. The obtained values were then used to compute the moment arms of the digit forces in the
handle reference frame. The moments of the normal finger forces were computed with respect to the y
coordinate of the point of application of the thumb normal force.
Raw data were low-pass filtered at 5 Hz with the 4th-order Butterworth filter. In some trials, lowfrequency changes in the normal force were observed. Therefore, a high-pass filter at a cutoff frequency of
0.3 Hz was applied to the normal force and an offset was added such that the filtered force had the same
means as the unfiltered grip force.
For each trial, G and F were plotted versus the handle acceleration and the regression of G (or F for
individual fingers) on the acceleration was computed. Because both L and M changed in proportion to the
acceleration (see equations 1 and 2) using either L or M instead of the acceleration did not change the
regression relations; only the scale of the abscissa axis changed. For the zero-torque trials, these relations
characterized G(L) and F(L), the effects of L on the grip force G or the individual finger forces F,
respectively. The relations for the non-zero torque trials, G(L, M) and F(L, M) represented the combine
effects of L and M on the recorded forces. To find the fractional effect of M on G or F the differences
G(L,M)–G(L) and F(L, M)–F(L) were computed and then regressed on L (Figure 2). The regression slopes
characterized the effect of the moment production requirement on the forces of interest. The positive slopes
indicated that equal increments of L generated larger force increases than in the zero-torque conditions
while the negative slopes indicated that the force increases were smaller than in the zero-torque task. The
slopes were determined in two complementary ways: (a) the changes in the force during a trial were
linearly regressed on the changes of L or acceleration, and (b) the major axis of G-L ellipse, (or the F-L
ellipse, F-acceleration ellipse, etc) was determined by the principal component analysis. The major axis
corresponds to the eigenvector of the relation with the maximal eigenvalue. Error ellipse fitting was applied
to the relation and the confidence level was chosen at 85%.
The second regression variable, the y-intercept, was replaced by the difference between G(L, M) and
G(L) values at the instances of zero acceleration, [G(L,M)-G(L)]0 which we will address as the ‘momentrelated offset’. The difference was determined for each oscillation cycle and then averaged over all cycles.
At the instances of zero acceleration, L equals the static weight of the object W—which was the same in the
zero-torque and non-zero torque tasks—and M equals the static moment. However, [G(L,M)-G(L)]0 can
differ between the static and dynamic tasks. In general, the entire procedure was similar to the technique
used previously to partition G into three fractions (Zatsiorsky et al. 2005) with one distinction: instead of
the static G-L relation, the dynamic G(L) vs. L relation was used.
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Grip force, G, or finger
force F

Non-zero torque task
G(L,M) force

G(L,M) – G(L) difference
Grip force
Zero-torque task
G(L) force

W
Instant value of the acceleration/load
in a cycle

Acceleration or
load force, L

Figure 2. Computing the fractional effect of M on the grip force G by comparing the non-zero and zerotorque tasks. W is the object weight. The G(L)-L relation for a zero-torque task is represented by the
straight line. The G(L,M)-L relation for a non-zero torque task is represented by the ellipse and the
regression line. The G(L,M)-G(L) difference is also called the moment-related offset.
In the time domain, cross-correlation analysis was performed to examine the phase relations between
pairs of performance variables. A two-way, repeated-measures ANOVA with the factors TORQUE (5
levels) and FREQUENCY (3 levels) was employed. Statistical analysis was conducted in the Statistics
toolbox of Matlab 6.1 (The MathWorks, Inc., Natick, MA, USA).

Results

We describe first the moment modulations and then L and M effects on G and F forces.
Moment modulation: the moments of the normal and tangential forces
In zero-torque conditions, the moments of the normal (Mn) and tangential forces (Mt) were not equal to
zero; they were in opposite directions (Figure 3). The moments changed in anti-phase and cancelled each
other such that the total moment exerted on the handle did not change, and rotational equilibrium of the
handle was maintained. Hence, Mn and Mt considered together acted as an internal moment; similar facts
have been reported previously (Gao et al. 2005 in press).
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Figure 3. Moments of normal forces (Mn), tangential forces (Mt) and their sum (Mn + Mt, the total moment)
versus acceleration in a zero-torque task. A representative example (subject #6, 1 Hz, 0 Nm).
In contrast, in the non-zero torque trials, the relations between Mn and Mt were positive, the moments
added to each other (Figure 4). During such tasks, the magnitude of the external torque (and the load L)
rhythmically changed in proportion to the handle acceleration. Mn and Mt counterbalanced the external
torque and also changed rhythmically. In spite of rhythmic changes of Mn and Mt their percentage
contribution to the total moment in a given trial stayed approximately constant; for instance in the trial
shown in Figure 4 the contribution of Mn and Mt to the total moment varied only from 49.2±7.0% to
50.8±7.0%. Among the tasks, the percentage contribution of Mn and Mt did not change statistically with
either the external torque or frequency (F4,75 = 1.58, p>0.05; F2,75 = 0.34, p > 0.05).
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Figure 4. Moments in a non-zero task (2 Hz, -0.33 Nm). A representative example. (A) Moments in relation
to acceleration. (B) Moments vs. time (2 Hz, -.33 Nm). For easy comparison with the external torque, the
absolute values of the total moment Mn+ Mt are shown. (C) Mn versus Mt during object manipulation. (D)
Cross-correlation function between Mt and acceleration (2 Hz, external torque -0.33 Nm).
The time lags between the handle acceleration signal and the moments exerted by the subjects on the
handle were small, evidently smaller than the time necessary for action of feedback loops based on
proprioceptive signals, Figure 5. The average (across task conditions) time lags between Mn and Mt , on the
one hand, and acceleration, on the other hand, were –16.9±32.1 ms and –2.3±18.6 ms, respectively (the
minus sign indicates that the Mn and Mt changes preceded the acceleration changes). Similar relations were
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observed for all other recorded variables: the forces and moments oscillated practically in synchrony with
the handle acceleration.

20
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1.5 Hz
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15
Time lag, ms

10
5
0
-5
-10
-15
L2

L1
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R1

R2

Figure 5. The time lags, ms, between the maximal values of the cross-correlation coefficients for the Mt and
the vertical handle acceleration. Group averages and standard errors.
Note. In this and other figures the torques are described by the load location with respect to the center
of the beam, R - right, L - left, Mi for the middle, 1 designates 1/6 Nm, 2 corresponds to 1/3 Nm. As an
example, the symbol R2 represents the load location to the right of the center that results in the moment of
–1/3 Nm. Such a moment—as seen from the subject—is in the clockwise direction (negative). To
counterbalance this external moment/torque the subject should exert a counterclockwise (pronation,
positive) moment of equal magnitude.
Partitioning force into the L-related and M-related fractions
The grip force (G)
G changed systematically both between the tasks and during the tasks. As illustrated in Figure 6,
the between-task relation shows a V-like pattern, which is in agreement with the relation between G and M
observed in static tasks (Zatsiorsky et al. 2002a).
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Figure 6. Grip force (G) in relation to external torque in different tasks and within the individual trials (a
representative example, subject 1, 2 Hz).
The dependence of G on acceleration in single trials is illustrated in Figure 7. The slopes of linear
regressions between G and the handle acceleration changed — as revealed by a 2-way ANOVA —
systematically both with the external torque and the oscillation frequency while the interaction between the
two factors was not significant (Table 1).
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Figure 7. Dependence of G (L) and G(L,M) on handle acceleration at various M values in a representative
subject (2 Hz).
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Table 1. Two-way ANOVA of the slopes of the regression relations between G and acceleration

Source
SS
df
MS
TORQUE
19.1595
4
4.78987
FREQUENCY
4.3661
2
2.18304
Interaction
2.3423
8
0.29279
Error
35.8939
75
0.47858
Total
61.7617
89
Note. Statistically significant differences are printed in bold

F
10.01
4.56
0.61

Significance
0.0000
0.0135
0.7653

The fractional G(M) effects computed from the G(L,M) –G(L) difference—both the regression slopes
and the moment- related offsets [G(L,M)-G(L)]0 — depended on both external torque and frequency (for
the slopes F4,75 = 15.66, p<0.05; F2,75 = 8.9, p < 0.05 and for the offsets F4,75 = 33.35, p<0.05; F2,75 = 3.97,
p < 0.05). The interaction between the two factors was not significant (p>0.3). With changes in the external
torque, both variables— the slope and the offset—changed in a V-like manner (Figure 8). With an increase
in the oscillation frequency, the slopes decreased while [G(L,M)-G(L)]0 increased.
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Figure 8. The slope of the G(M) versus L relations (top panel) and the moment- related offset [G(L,M)G(L)]0 (bottom panel) for different tasks. Group average and standard errors.
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Agonist and antagonist finger forces
When the handle acceleration increases, both L and M rise. An increase in L should induce an increase
in G and hence an increase in all digit normal forces. In contrast, an increase in M requires increasing the
force of only the agonist fingers. When the acceleration (and hence both L and M) increases, the normal
forces of the agonist fingers get higher while the forces generated by the antagonist fingers —especially the
‘peripheral’’ fingers, the index and little—do not change substantially (Figure 9). Hence, for the antagonist
fingers the classical G-L relations can be overridden by torque production requirements.
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Figure 9. The dependence of individual finger forces on L, a representative example. Frequency 2 Hz.
The slopes of linear regressions between F(L,M) and acceleration or L change systematically with M
(Figure 10).
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Figure 10. The slopes of linear regressions between F(L,M) and L for individual fingers under various M
conditions (1 Hz, group averages and standard errors).
When a supination torque needed to be produced the little finger contributed most to the torque
production with the largest slope: the finger force increased with acceleration. In such tasks, the index
finger force did not change much with acceleration, i.e. when L force increased, the normal force of the
index finger stayed more or less constant. On the contrary, in the tasks with the pronation effort, the index
finger played the most important role (see Figure 10). The finger force changed substantially with
acceleration due to the combined L and M effects. The little finger force was not modulated much with
handle acceleration and, hence, with L.
The middle and ring fingers that have smaller moment arms with respect to the thumb as a pivot than
the index and little fingers showed moderate changes of the F(L,M) vs. L slopes with external torque.
Hence the modulation of the finger forces during the object manipulation depended on the mechanical
advantage (moment arms) of the individual fingers.
The effects of the finger function—whether the finger works as a torque agonist or antagonist— on the
F-L coupling are especially evident in the F(M)-L relations (Figure 11). When a finger works as an agonist,
the effects of M fluctuations during a trial are added to the effects of changes in L [the F(M)-L slopes are
positive]; when a finger works as an antagonist, the M effects decrease the L effects, and the slopes are
negative. The latter is correct for the index, little and middle fingers; the F(M)-L slope for the ring finger
does not change much with variation of the external torque.
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Figure 11. The slopes of F(M) versus L relations at different tasks. Group average and standard errors),
frequency 2 Hz. Note that when the fingers work as torque antagonists the slopes are negative: when L
increases, F(M) decreases.
The F(L,M) – F(L) differences at the instances of zero acceleration were significantly affected by
external torque and oscillation frequency (F4, 324 = 42.19, p<0.05; F2, 324 = 4.74, p < 0.05), Figure 12. The
interaction effects, however, did not reach the level of statistical significance (F8, 324=0.52, p>0.8).
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Figure 12. F(L,M) – F(L) differences at the instances of zero acceleration. Group average and standard
errors, 2Hz.
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Discussion

We will concentrate on discussing the following issues: (a) How is the rotational equilibrium
maintained? (b) The L and M effects on G and F; and (c) Linear effects in the prehension control.
Maintaining rotational equilibrium. To maintain rotational equilibrium the subject has to manipulate
the handle in such a way that the external moment M —that varies in the cycle—is counterbalanced by the
sum of moments of digit forces. From the presented data it follows that the rotational equilibrium is
maintained by two main mechanisms: (a) concerted changes of the moments of the normal and tangential
forces, specifically the anti-phase changes of Mn and Mt during the zero-torque tasks and the in-phase
changes during the non-zero-torque tasks (Figures 3 and 4), and (b) redistribution of the normal forces
among individual fingers such that the agonist fingers increase the force in phase with the acceleration
while the forces of the antagonist fingers with the large moment arms, the index and middle fingers, stay
put (Figure 9).
The above changes occur in synchrony with the vertical acceleration of the handle and, hence, with the
L force (Figure 5). Taking into account the time delay necessary for force development, it is natural to
conclude that the above mentioned force and moment adjustments to the M fluctuations are made in an
anticipatory fashion. The subject seems to learn the physical properties of the hand-held object and
automatically retrieve relevant motor commands (Johansson et al. 1999). The controller acts in a feedforward, anticipatory manner and adjusts digit forces based on expected mechanical effects of the voluntary
movements on L and M. These observations are compatible with the idea of an internal model that precomputes time profiles of forces required to perform a task (Wolpert et al. 1995; Flanagan and Wing 1997;
Flanagan et al. 2001). They are also compatible with other hypotheses of motor control as long as these
hypotheses allow predictive action by the central nervous system. In particular, according to the
equilibrium-point hypothesis (Feldman 1966, 1986), such predictive actions can be consequences of time
changes in the equilibrium states of the neuromotor system leading to changes in the reference
configuration of the effector (Feldman and Latash 2005).
During the vertical oscillation of a vertically oriented handle a special role is played by the glabrous
skin receptors especially those of them that are responsible for the reception of tangential force and object
slipping (Johansson and Westling 1984). These receptors trigger the feedback mechanisms and correction
reactions directed at slipping prevention; the reactions that are manifested as fast increases of G (Johansson
and Westling 1984). However, maintaining the rotational equilibrium requires much more complex
responses than a ‘simple’ G increase. It is not clear what may be the role of the cutaneous skin receptors (or
other receptors) in initiating these responses. Some information on that can be obtained from experiments
involving fingertip anesthesia or cooling. We plan to perform such experiments.
Effects of the L and M changes on the digit force modulations.
As expected, in the non-zero torque tasks, the L fluctuations were accompanied by parallel changes in
G and in the forces of all individual fingers. In contrast, in the non-zero torque tasks, while G changes were
in principle similar to those observed in the zero-torque tasks (G changed in synchrony with L) the F
modulations were dissimilar in different fingers. It seems that the G-L coupling in the non-zero torque tasks
was less strong than in the zero-torque tasks (Figure 13). For instance, as shown in Figure 13, the
coefficients of correlation between the normal and tangential forces in individual cycles were 0.97 and 0.98
for the zero-torque task while they were only 0.86 and 0.84 in the non-zero-torque task. The differences
were, however, significant only for the pronation torques when the load was placed at the right hand side
(the conclusion is based on 1-way ANOVA performed on the z-transformed values of the correlation
coefficients and their paired comparisons); for the supination torques the p values were close to significant
(p = 0.06).
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Figure 13. Force vectors during single trials. Movement frequency was 2 Hz. Top panel: zero torque;
bottom panel: torque –0. 33 Nm. Note the different, on average, tangential forces exerted by the thumb and
the fingers. The difference between these forces is proportional to Mt.
The F modulations depended on (a) the role played by the finger in the rotational equilibrium
control—whether the finger serves as a torque agonist or a torque antagonist, and (b) the mechanical
advantage of the finger in producing the pronation/supination moment. In the ‘lateral’ fingers with the large
moment arms—the index and little fingers—the M effects were pronounced to a much larger degree than in
the ‘medial’ fingers, the middle and ring fingers (Figures 8-11). These data support the mechanical
advantage (MA) hypothesis for the specific case of torque production by several fingers. Note that the MA
hypothesis was also used to explain the force sharing between individual muscles serving the same joint
(for a discussion and review see Prilutsky 2000). The confirmation of the MA hypothesis in the present
study provides an additional argument in favor of its broad applicability.
The observed L and M effects on the F forces can be explained by a superposition of two commands.
One command whose intensity is determined by L results in stronger/weaker contractions of all involved
fingers and hence in a change in G. This command represents the L effect. The second command,
representing the M effects, results in a potentiation of the flexion command to the agonist fingers and
inhibiting the commands to the antagonist fingers. As a result, the force of the agonist fingers increases and
the force of the antagonist fingers decreases. For the antagonist fingers with the large moment arms the
effects of the L-related commands and M-related commands can negate each other such that the outcome
force does not change with the L fluctuations, i.e. the G-L coupling for these fingers appears to be broken
(see Figure 8, top). While this explanation and the data (Figures 9-11) agree nicely with the principle of
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superposition, we cannot claim that the principle is validated in this study because our analysis—
specifically partitioning the G(L,M) and F(L,M) forces into the G(L)/F(L) and G(M)/F(M) fractions —was
based on this principle. Claiming the proof will be tantamount to circular reasoning (a vicious circle,
circulus in probando). However, we do may say that the application of the principle to the dynamic tasks
helped in interpreting the obtained facts.
Linear effects in the control of prehension
The observed relations between the input and output variables in this study were nearly linear (with
some noise, e.g., Figures 5, 7 and 8). The relations were approximated by linear regression equations.
Essentially, we dealt with the linear regressions and their sums. The linearity cannot be deduced from the
task mechanics. G is an internal force and can be of any value (provided that slipping is prevented). When
L changes, the task mechanics does not require G to change with L in a linear fashion. The same is valid for
the rotational equilibrium control: If the sum of the moments exerted by the subject negates the external
moment, the equilibrium is maintained. There is nothing in mechanics requiring that the contributing
moments, e.g. moments exerted by the individual fingers, should change linearly with the handle
acceleration or L. It is a choice made by the central controller and, hence, is in the domain of
neurophysiological and motor control investigations.
Linear behaviors of the neuromotor system have been described in a number of studies. In particular,
Nichols and Houk (1976) have suggested that the role of the tonic stretch reflex could be to linearize the
dependence of the muscle force on muscle length. Linear scaling of peak velocity with movement distance
during fast voluntary movements could result from the desire of the controller to perform maximally
smooth movements in accordance with the minimum-jerk hypothesis (Hogan 1985; Hogan and Flash
1987). The central nervous system may be aware of advantages of dealing with linear systems during
simple behaviors and it may parameterize control signals to gain this advantage.
Analogies can also be found in engineering. Although most of the control systems exhibit nonlinear
behaviors, transforming them into linear systems by linearization around equilibrium point has been
demonstrated to be a very powerful tool. The linearization is a process by which an approximate linear
model that deals with the small-scale changes is derived from a nonlinear model. The model is derived with
the assumption that the excitations perturb the system in the vicinity of a nominal set point (Kailath 1980).
The benefits of doing so are twofold. Firstly, the linearization can reduce the complexity of controller
design and results in lower cost. Secondly, control theory of linear systems is much better established than
that of the nonlinear systems and hence the design is easy to track.
Finally, we have to acknowledge some limitations of the current study. In particular: (a) the L and M
fluctuations were not independent, (b) the enslaving effects among the fingers were not addressed, and (c)
the EMG was not recorded (the wiring from the five force sensors and the accelerometer have made this
recording cumbersome and the signals noisy). We are planning to overcome these delimitations in future
studies
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Chapter 7
Summary

7.1 General overview

The dissertation is based on seven studies that are either published in peer review
journals or submitted for publication. The studies dealt with static (Chapters 3 and 4;
Appendices B and C) and dynamic (Chapters 5 and 6; Appendix D) examinations of
prehension synergies.
Study I (Appendix B) examined the digital force coordination when prescribed
torques were applied and geometry of object was varied. Regular conjoint changes of the
digit forces (prehension synergies) were observed. All the subjects used a similar multidigit synergy. The concept of chain effects was introduced and the chain effects in force
adjustments to changes in the handle geometry were documented. The results supported a
theory on hierarchical organization of prehension synergies.
Study II (Chapter 3) tested a theory on hierarchical organization of the control of
human prehension by comparing the performance of neural networks of different designs.
Inputs into networks were external torque, handle width, and thumb location whereas the
outputs were the individual digit forces. The hierarchical networks with dual projections
of input information to the second tier showed the best overall performance. This result
may be viewed as supporting the hypothesis on a hierarchical organization of human
prehension. It is also compatible with the known wide spread of afferent and efferent
information among neural structures in the human brain.
Study III (Appendix C) tested the validity of the principle of superposition for
multi-finger prehension in human; it bridged the gap between the research on prehension
performed in robotics and in human movement science. The experimental evidence
supported the principle. The validity of the principle has been confirmed. Forces and
moments of individual digits are defined by two independent commands: “Grasp the
object stronger/weaker to prevent slipping” and “Maintain the rotational equilibrium of
the object”. The effects of the two commands are summed up.
Study IV (Chapter 4) examined the control of fingertip force direction in singleand multi-finger tasks. The target direction significantly affected the constant error (CE)
but not the variable error (VE) while removal of the feedback resulted in an increase in
VE. The direction of the forces produced by the fingers that were not explicitly required
to produce force (enslaved fingers) depended on the target direction. In multi-finger
tasks, the individual fingers produced force in directions that could differ significantly
from the target direction, while the resultant force pointed in the target direction. It was
concluded that a multi-finger synergy is involved in the control of the finger force
direction.
Study V (Appendix D) examined the differential effects of gravity and inertia
forces on the grip force. Three contributions to the grip force—static, dynamic, and stato-
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dynamic fractions— were quantified. The static fraction reflects grip force related to
holding a load statically. The stato-dynamic fraction reflects a steady change in the grip
force when the same load is moved cyclically. The dynamic fraction is due to the
acceleration related adjustments of the grip force during oscillation cycles. The slopes of
the relation between the grip force and the load force were steeper for the static fraction
than for the dynamic fraction. The stato-dynamic fraction increased with the frequency
and load. The slopes of the dynamic grip force-load force relations decreased with the
frequency and, as a rule, increased with the load. Hence, when adjusting grip force to task
requirements, the central controller takes into account not only the expected magnitude of
the load force but also such factors as whether the force is gravitational or inertial and the
contributions of the object mass and acceleration into the inertial force.
Study VI (Chapter 5) documented internal forces during object manipulation. Two
major grasping patterns were revealed: symmetric grasping synergy; and reciprocal
changes of forces. In contrast to robotic devices where controls of internal force and
manipulation force are decoupled, in human subjects the internal and manipulation forces
change conjointly.
Study VII (Chapter 6) addresses issues of simultaneous control of the grasping
force and the total moment of forces applied to a hand-held object during manipulation.
The rotational equilibrium was maintained by two mechanisms: (i) Concerted changes of
the moments produced by the normal and tangential forces, specifically anti-phase
changes of the moments during the tasks with zero external torque and in-phase changes
during the non-zero-torque tasks, and (ii) Redistribution of the normal forces among
individual fingers such that the agonist fingers—the fingers that resist external torque—
increased the force in phase with the acceleration while the forces of the antagonist
fingers—those that assist the external torque— especially, the fingers with the large
moment arms, the index and middle, stayed unchanged. The observed effects agree with
the principle of superposition and the mechanical advantage hypothesis.

7.2 Main results

The results of this dissertation support several recent theories on organization of
multi- finger prehension, such as the existence of prehension synergies, hierarchical
control of prehension, the principle of superposition, chain reactions, the anticipatory
reactions in prehension, and the mechanical advantage hypothesis. Also, some new facts
on coordination of digit forces during manipulation of the hand-held objects have been
obtained (e.g. different adjustment of the digit forces to the gravity and inertial force,
dependence of the internal forces on the manipulation forces, etc.).
Prehension synergy was defined as a conjoint change of digital forces (Zatsiorsky
and Latash 2004). In this dissertation prehension synergies are manifested in different
ways: (i) adjustments to changes in task parameters, such as load, torques etc. (Chapter 3
and Appendices B and C); (ii) compensation for self-generated arm movement (Chapter 5
and 6; Appendix D); and (iii) a negative co-variation among the deviations of the
directions of the individual finger forces from the target direction (Chapter 4). Prehension
synergies are revealed not only in static but also in dynamic tasks. The tight coupling
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between normal and tangential digit forces during moving an object signifies the
existence of grasping synergy.
Hierarchical control in motor control theory was first proposed by Bernstein
(1967). The hierarchical control of prehension is manifested in the different behavior of
the virtual finger (VF) and individual finger (IF) forces exerted on the object.
Specifically, in this dissertation, the following data support the hierarchical control
hypothesis: (a) the VF and IF demonstrated qualitatively different forces patterns as the
task parameters varied (Appendix B); and (b) to produce a total force by several fingers
(virtual finger) in the desired direction the individual fingers generate the force in
dissimilar directions (Chapter 4). The hierarchical control theory was also supported by
the results of the neural network modeling (Chapter 3): hierarchical networks with dual
projections of input information to the second tier showed the best overall performance.
Although not explicitly mentioned, an idea on the hierarchical organization was actually
involved in most of the studies. The mere fact that such concepts as ‘opposition space’
and ‘virtual finger’ are used systematically throughout this dissertation, suggests that the
theory was fruitful.
Principle of superposition has been recently suggested in robotics (Arimoto et.
al. 2001). Based on the principle, some skilled actions can be broken into several
elemental actions that can be controlled independently by separate controllers. In this
dissertation, the validity of principle of superposition was demonstrated for human
prehension. During the prehensile tasks, the digit forces and moments are grouped into
two subsets: 1) the normal forces of the thumb and VF which prevent the object from
slipping out the hand and 2) the tangential forces of the thumb and VF which maintain
the orientation of the handle (Appendix C). The control of slip prevention and control of
torque are independent and —at least in the investigated tasks—control commands are
simply added together. The study was further extended to dynamic task. In Chapter 6, the
modulations of digits forces during cyclic arm movement with external torque were
examined. The observed L(Load) and M(Moment) effects on the F forces can be
explained by a superposition of two commands: (1) a command representing the L effect,
the command induces stronger/weaker contractions of all involved fingers and hence in a
change of the grip force; (2) a command representing the M effects, the command results
in a potentiation of the flexion command to the agonist fingers and inhibiting the
commands to the antagonist fingers. Hence, the principle of superposition was also
supported in dynamic tasks.
Chain effect (introduced in Appendix B) is a byproduct of prehension synergies
(Bernstein 1967): a local change in the output of an elemental variable leads to a
sequence of changes in other elemental variables that are mechanically necessitated. For
example, in appendix B, with the change of grip width, the following chain effects were
observed: an increase of grip width resulted in increased moment of tangential forces
given the tangential forces stay the same → in order to satisfy the rotational equilibrium
requirement the increased moment of tangential force is compensated by decrease of the
moment of normal forces → the normal forces of individual fingers are redistributed to
generate a smaller moment. Though subject to external mechanical constraints, the CNS
still has some freedom to adjust force generation patterns and therefore the finger force
adjustments are not completely dictated by mechanical requirements. For example,
different subjects may show different sharing patterns among fingers.
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Anticipation is a major characteristic feature of human prehension in self-generated
actions. In this dissertation anticipatory reactions resulted in the tight coupling between
grip force and load force when subjects manipulated a vertically orientated handle in the
vertical direction. (Chapter 5 and Appendix D). The fact that the grip force is modulated in
parallel with fluctuations of the acceleration-dependent inertial load indicates that the CNS
is able to predict the movement-induced load fluctuations. It seems reasonable to suggest
that this prediction is based on anticipating the external load changes. The role of the
anticipation was also confirmed when both the load and moment were modulated during
the movement (Chapter 6). Hence, it seems that anticipatory reaction is a ubiquitous
mechanism underlying control of prehension.
Mechanical advantage hypothesis claims that finger involvement should change
proportionally to the moment arms of individual fingers. Based on this hypothesis the CNS
will recruit fingers according to their corresponding moment arms. For instance, during
prismatic prehension with either a pronation or supination torque, the ‘peripheral’ fingers,
the index or little finger, will be activated more compared to the central fingers, the middle
and ring fingers. This hypothesis has been widely supported throughout the dissertation,
especially for the tasks involving maintaining rotational equilibrium. The hypothesis was
not only confirmed in static tasks (Chapter 3 and Appendices B and C) but also extended to
dynamic tasks (Chapter 6).
In the experiments on the prehension synergies during object manipulation several
novel facts have been established.
Effects induced by gravity and inertia forces. According to basic physics, the local
effects induced by gravity and acceleration are identical and cannot be separated by any
physical experiment. In contrast, as reported in Appendix D, people adjust the grip force to
gravity and inertial forces differently. It was concluded that the CNS takes into account not
only the expected magnitude of the load force but also such factors as whether the force is
gravitational or inertial and the contributions of the object mass and acceleration into the
inertial force.
Internal forces during object manipulation. The relation between grip force and load
force depends on the relative orientation of the handle to its movement direction (this
experiment is described in Chapter 5). During object manipulation, internal forces were
documented and two major grasping patterns were revealed: symmetric grasping synergy
during parallel manipulation; and reciprocal changes of forces during orthogonal
manipulation. It was found that in contrast to robots, in human subjects the internal and
manipulation forces change conjointly. The results may be useful to provide
recommendations for manufacturing robotic grippers emulating human hand behavior.
How does the CNS deal with the concurrent load and torque changes? It uses two
mechanisms (Chapter 6): (i) concerted changes of the moments of the normal and
tangential forces, specifically the anti-phase changes of Mn and Mt during the zero-torque
tasks and the in-phase changes during the non-zero-torque tasks, and (ii) redistribution of
the normal forces among individual fingers such that the agonist fingers increase the
force in phase with the acceleration while the forces of the antagonist fingers with the
large moment arms stay put. As the acceleration increases, the normal forces of the
agonist fingers get higher while the forces generated by the antagonist fingers —
especially the ‘peripheral’’ fingers—do not change substantially. In agreement with the
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principle of superposition, the latter finding was explained by the interaction of the Land M-related commands.

7.3 Future works

There are many possible follow-up studies and here are just some potential
immediate tracks:
¾ Modeling of both biomechanical and neuro-muscular aspects of prehension




The ANN model may include feedback loops which mimic the sensory
information.
The mixture models that include both feedforward and feedback control
may be useful to gain some insights of the underlying mechanism of
prehension.
ANN may also serve as an adaptive controller and be integrated into the
mixed model mentioned above.

¾ It has been widely accepted that the CNS always pursuits an optimal or
suboptimal solution to implement a task
 Optimal control can be applied and combined with appropriate neuromuscular model to provide some insights of achieving optimal grip forces
during object manipulation.
 With the existence of uncertainties/noise from both neuro-muscular level
and external resources, robust control algorithm might also be applied to
examine whether the CNS utilizes one single controller to control a family
of plants (nominal plant and plants with uncertainties).
¾ Studies on various perturbations may be useful to reveal and understand some
underlying mechanism of maintaining grasping stability




Elastic load with/without damping may be applied when performing the
cyclic arm movement.
Servo-motor might be applied to produce both force and torque
perturbations on the hand-held object.
Programmable robotic arm will be a very flexible and useful tool in this
type of experiments.

No doubt, there are endless possible tracks to follow. The study on human
prehension has become an intensively integrated multi-discipline field and the
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understanding of grasping control in human (kinesiology, neurophysiology etc.) and in
robots (robotics) will benefit each other and enrich our knowledge bases.

7.4 Conclusion

Study of the fingertip forces provides a valuable way to examine the motor
redundancy problem (Bernstein 1967). However, until now, our knowledge about how
the CNS controls the hand and how the hand can manipulate object with such an amazing
ease is still limited. Studying prehension synergies can be useful in this regard.
This dissertation examined prehension synergies in both static and dynamic tasks.
I consider it an attempt to step forward and to get closer to the potential solutions. I hope
that the dissertation highlights some key elements of prehension synergies and may
suggest a future line of research on this intriguing topic.
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Informed consent form

INFORMED CONSENT FORM FOR CLINICAL RESEARCH STUDY

The Pennsylvania State University
Title of Project: Prehension (grasping) Synergies (IRB#01M0562)
Principal Investigator: Vladimir M. Zatsiorsky
Address: Biomechanics Lab, 39 Rec. Bldg
Phone: 865-3445
Other Investigators: Mark L. Latash, Todd Pataky, Fan Gao, Jae Kun Shim

ORP USE ONLY:
The Pennsylvania State University
Office for Research Protections
Approval Date: _________________
Expiration Date: _________________
Biomedical Institutional Review Board

This is to certify that I, _______, have been given the following information with respect to my participation
as a volunteer in a program of investigation under the supervision of Dr. V. Zatsiorsky.
1. Purpose of the study:
To examine the force patterns generated at the fingers when a certain total force or torque is specified. These force
patterns are selected from many possible combinations; thus the selected patterns can reveal the strategies used by the central
nervous system in organizing movements.
2. Procedures to be followed:
Subjects will be asked to produce forces and torques (of varying intensity) with the fingers by pressing on cylindrical
force sensors. Surface electromyography data will be recorded during force production by placing electrodes on the skin to
measure the activity level of various muscles in the hand and forearm. AR200-50M Laser Displacement Sensors will be used
to measure the width of prehension and Laser safety goggles (LG-0322) will be used for the protection of the subjects. The
finger may be clamped during force production.
3. Discomforts and risks:
Some people may experience the discomfort of muscle soreness following testing. For people with history of trauma or
neuropathies of the upper limbs, high finger forces can be painful; these individuals will be asked only to generate forces that
are not painful. Clamping the finger may produce soreness following the experiment; this will resolve within one hour. The
risk to the human subject is reflective laser light to the eyes. Laser safety goggles will protect human subjects from any stray
reflective laser energy that may occur even though the laser beam has a maximum travel of 1.968 inches. The laser beam will
have no contact with the human subject and is only to provide displacement measurements of the testing device (A test was
performed for stray reflective light and was found that no reflective laser light was present).
4. a. Benefits to me:
Subjects will have the opportunity to gain a greater understanding of hand function, in both healthy and pathological
situations.
b. Potential benefits to society:
Finger force pattern assessment has potential diagnostic value. Clinicians will be able to identify existing muscular
weaknesses, and thus be able to diagnose musculoskeletal problems and neurological disorders.
5. Alternative procedures which could be utilized:
(Not applicable)
6. Time duration of the procedures and study:
Each session will last between one and two hours. Some experiments require retesting and some subjects may be
asked to participate in one or two follow-up sessions. You will be told at the beginning of the first session if you are required
to return for additional sessions. You may decline retesting.
7. Statement of confidentiality:
All records associated with my participation in this study will be subject to the usual confidentiality standards
applicable to medical records (e.g., such as records maintained by physicians, hospitals, etc.), and in the event of any
publication resulting from the research no personally identifiable information will be disclosed.
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Your participation in this research is confidential. Only the investigator, and his/her assistants will have access to
your identity and to information that can be associated with your identity. In the event of publication of this research,
no personally identifying information will be disclosed.
_____________________________________
____________________________________
Volunteer
Date
Investigator
Date
INFORMED CONSENT FORM FOR CLINICAL RESEARCH STUDY
8. Right to ask questions:
I have been given an opportunity to ask any questions I may have, and all such questions or inquiries have been
answered to my satisfaction.
“You may contact the Office for Research Protections, 212 Kern Graduate Building, University Park, PA 16802,
(814) 865-1775 for additional information concerning your right as a research participant. “
9. Compensation:
Subjects will receive compensation at $10/hour. If you are an employee of Penn State University, the compensation
you receive for participation will be treated as taxable income and therefore taxes will be taken from the total amount. If you
are not employed by Penn State University, total payments within one calendar year that exceed $600 will require the
University to annually report these payments to the IRS. This may require you to claim the compensation that you receive for
participation in this study as taxable income.
10. Injury Clause:
I understand that medical care is available in the event of injury resulting from research but that neither financial
compensation nor free medical treatment is provided. I also understand that I am not waiving any rights that I may have
against the University for injury resulting from negligence of the University or investigators.
11. Voluntary participation:
I understand that my participation in this study is voluntary, and that I may withdraw from this study at any time by
notifying the investigator. I understand that I may decline to answer any questions. My withdrawal from this study or my
refusal to participate will in no way affect my care or access to medical services. Questions regarding this statement or your
rights as a subject of this research should be directed to the Office for Research Protections, The Pennsylvania State
University, 212 Kern Graduate Building, University Park, PA 16802-3301 (814-865-1775).
12. In the event that abnormal test results are obtained, you will be apprised of the results and recommended to
contact your private medical provider for follow-up.

This is to certify that I consent to and give permission for my participation as a volunteer in this program of
investigation. I understand that I will receive a signed copy of this consent form. I have read this form, and
understand the content of this consent form.
______________________________________________
Volunteer
Date
I, the undersigned, have defined and explained the studies involved to the above volunteer.
______________________________________________

Investigator
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Abstract We studied the coordination of forces and
moments exerted by individual digits in static tasks that
required balancing an external load and torque. Subjects
(n=10) stabilized a handle with an attachment that
allowed for change of external torque. Thumb position
and handle width systematically varied among the trials.
Each subject performed 63 tasks (7 torque values  3
thumb locations  3 widths). Forces and moments exerted
by the digit tips on the object were recorded. Although
direction and magnitude of finger forces varied among
subjects, each subject used a similar multidigit synergy: a
single eigenvalue accounted for 95.2–98.5% of the total
variance. When task parameters were varied, regular
conjoint digital force changes (prehension synergies)
were observed. Synergies represent preferential solutions
used by the subjects to satisfy mechanical requirements of
the tasks. In particular, chain effects in force adjustments
to changes in the handle geometry were documented. An
increased handle width induced the following effects: (a)
tangential forces remained unchanged, (b) the same
tangential forces produced a larger moment Tt, (c) the
increased Tt was compensated by a smaller moment of the
normal forces Tn, and (d) normal finger forces were
rearranged to generate a smaller moment. Torque control
is a core component of prehension synergies. Observed
prehension synergies are only mechanically necessitated
in part. The data support a theory of hierarchical
organization of prehension synergies.
Keywords Prehension · Grasping · Fingers · Force · Hand
manipulation · Synergy

V.M. Zatsiorsky ()) · F. Gao · M.L. Latash
Biomechanics Laboratory, Department of Kinesiology,
The Pennsylvania State University, University Park, PA 16802,
USA
e-mail: vxz1@psu.edu
Tel.: +1-814-8653445
Fax: +1-814-8653445

Introduction
This study concentrated on coordination of individual
digit forces during static stabilization of hand-held
objects. To address participation of the central nervous
system (CNS) in prehension tasks, we used the notion of a
synergy as a task-specific organization of elements in an
apparently redundant system (Bernstein 1947, 1967;
Gelfand and Tsetlin 1966; for reviews see Turvey and
Carello 1996; Latash et al. 2002). A synergy is manifested
via (a) adjustments to changes in task parameters; (b)
compensation of either or both external and self-inflicted
disturbances (for instance, when a force exerted by one
finger is voluntarily changed, other fingers compensate
for these changes without a time delay, Latash et al.
1998); (c) error compensation reflected in negative
correlation among output variables recorded in different
trials (Latash et al. 1998, 2001; Li et al. 1998a; Scholz et
al. 2002) or in single trials of long duration (Santello and
Soechting 2000).
For the purpose of this study, we adopted the following
operational definition: A prehension synergy is a conjoint
change of finger forces and moments during multifinger
prehension tasks. In the current study, we addressed
changes in finger forces caused by variations in task
parameters – balanced torque, handle width, and thumb
placement.
In the literature, prehension synergies have been
approached from different perspectives. In studies of
rapid pinch movements of the index finger and thumb
from an open-hand position, Cole and Abbs (1987, 1988)
found that the finger and thumb are not controlled
independently but, rather, behave synergistically as a
single unit. Santello and Soechting (2000) recorded
oscillations of normal finger forces during object holding
with five digits for 30 s. Location of the object’s center of
mass varied among trials. Oscillations of individual finger
forces were synchronous and hence were determined by a
common multifinger synergy. Baud-Bovy and Soechting
(2000, 2002) investigated the organization of three-digit
grasping. Subjects grasped an object from above using the
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thumb, index finger, and middle or ring finger. Results
were consistent with a hierarchical model of control. At a
higher level, an apposition space is created between the
thumb and a virtual finger located approximately midway
between the two actual fingers. (By definition, a virtual
finger generates the same mechanical effect as a set of
actual fingers Cutkosky and Howe 1990; MacKenzie and
Iberall 1994; Iberall 1997). At the next level of control,
force directions exerted by the two fingers were determined.
Commonly, only normal forces have been measured in
finger-force production studies (Kinoshita et al. 1995; Li
et al. 1998a, 1998b; Santello and Soechting 2000), but
some authors also have studied forces in three dimensions, e.g., Burstedt et al. (1999), Flanagan et al. (1999),
Baud-Bovy and Soechting (2001, 2002), and Li (2002).
However, conditions for rotational equilibrium of handheld objects in multifinger grasps have not been addressed. This issue is important because many everyday
tasks combine translation of hand-held objects while
preserving their rotational equilibrium; for example,
eating with a spoon, bringing a full glass to the mouth,
etc.

Methods
This study addressed the question of how the CNS handles the
motor redundancy for a specific case of multifinger prehension.
Model
Consider a hand-held object grasped by a prismatic precision grip
in which the finger tips and thumb oppose each other (Fig. 1, left
panel). We limited consideration to planar static tasks. We assumed
that friction at the digit-object interface was sufficiently large to
prevent the object from slipping at any exerted digit forces.

Fig. 1 Schematic of experimental handle (left panel) and experimental ‘inverted-T’ handle/beam apparatus (right panel). (r
moment arm of tangential digit forces, ds projected distance from
the center of a finger sensor to the center of thumb center, dth
displacement of point of application of thumb force with respect to
the center of the thumb sensor.) If displacement of the points of
application of finger forces is ignored, moment arms of normal
finger forces equal the sum ds+dth. The force components in the z

For the system to be at rest, the sum of all forces and moments
acting on the handle should be equal to zero. Hence, the following
three requirements should be satisfied: (1) The sum of the normal
forces of the four fingers equals the normal force of the thumb:
n
Fth
¼ Fin þ Fmn þ Frn þ Fln ¼

4
X

Ffn

ð1Þ

f ¼1

(2) The sum of the digit tangential forces equals the weight of
the hand-held object:
t
þ Fit þ Fmt þ Frt þ Flt
L ¼ Fth

ð2Þ

(3) The total moment produced by the digit forces is equal and
opposite to the external torque exerted on the objects:
n
T ¼ Fth
dth þ Fin di þ Fmn dm þ Frn dr Fln dl
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
Moment of the normal forcesT n

t
þ Fth
rth

þ Fit ri þ Fmt rm þ Frt rr Flt rl
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ
ﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}

ð3Þ

Moment of the tangential forcesT t

where subscripts th, i, m, r, and l refer to the thumb, index, middle,
ring, and little finger, respectively; superscripts n and t stand for
normal and tangential force components, respectively; L load
(object weight), T torque, and coefficients d and r moment arms of
the normal and tangential force with respect to a preselected center,
respectively. Equations 1–3 impose three constraints on the ten
variables (finger force components). Hence, the system has seven
degrees of freedom (DoF) that can be manipulated by the performer
in different ways.
In experiments, the main parameters of equation 3, namely T, d,
and r, systematically varied. The torque T was changed by
suspending a standard load at different distances from the center
of the handle. The different positions of the thumb changed the
moment arms of the normal forces (d), and changing the width of
the grip altered the moment arms (r) of the tangential forces.
Subjects
Ten right-handed men served as subjects (age 30.5€3.74 years,
weight 74.5€9.5 kg, height 1.786€0.095 m, hand length from
middle fingertip to distal crease of the wrist with hand extended
19.1€1.3 cm, hand width 9.2€0.53 cm). Subjects had no previous
history of neuropathies or trauma to the upper limbs. All subjects
gave informed consent according to the procedures approved by the

and y directions are called normal and tangential forces, respectively. The black rectangles on the handle represent the sensors.
The width of the thumb sensor is 40 mm and the width of the finger
sensors is 17 mm. During the experiments, the thumb could be in
one of three different locations: the middle position (black
rectangle), the bottom position (dotted rectangle), and the upper
position (not shown). Subjects were required to maintain the handle
in an upright position. The figure is not drawn to scale

79
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University.
Equipment
An aluminum handle was attached to the top edge of an aluminum
beam (5.0 cm85.0 cm0.6 cm) at the midpoint of the beam in the
mediolateral direction (Fig. 1, right panel). Five six-component
force/moment transducers (four nano-17 for the fingers, one mini40 for the thumb, ATI Industrial Automation, Garner, N.C., USA)
were mounted on the handle. An eye-hook hanger was located
along the bottom edge of the beam; it was used to suspend a weight.
The hook position in the mediolateral direction could be varied by
sliding the hook in the slot that ran the length of the beam. A level
was attached to the top of the handle to monitor its orientation and
avoid rotation of the handle/beam unit about the x and z axes.
The center points of the index and middle finger sensors were
located 45.0 mm and 15.0 mm, respectively, above the midpoint of
the handle. The center points of the ring and little finger sensors
were located -15.0 mm and -45.0 mm, respectively, below the
midpoint. The thumb transducer position was varied across trials:
(a) middle position – the center line of the thumb sensor was at the
midpoint of the handle; (b) bottom position – the center line of the
thumb sensor was at the midpoint between the center lines of the
ring and little finger sensors; and (c) upper position – situated at the
midpoint between the center lines of the index and middle finger
sensors. Grip width (distance between the surface of the thumb
contact and that of the finger contacts) was also varied across trials:
60 mm, 75 mm, or 90 mm.
Surfaces of the transducers were covered with 100-grit sandpaper. To measure the static friction coefficient between the skin
and sandpaper, the subjects were asked to grasp the handle and then
to let it slip. The friction coefficient was estimated from the ratio of
the tangential and normal force at an incipient slip. For different
subjects, the coefficient ranged between 1.4 and 1.5.
The thirty force/moment signals were digitized by a 12-bit A/D
converter (PCI-6031, National Instrument, Austin, Tex., USA) at
50 Hz and processed by a PC computer (Gateway AMD800, North
Sioux City, S.d., USA).
Experimental procedure
Subjects were given an orientation session before testing to become
familiar with the experimental apparatus and to ensure that they
were able to accomplish the experimental tasks. Their height,
weight, and hand dimensions were measured. Before the experiment, subjects washed their hands with soap and warm water to
normalize skin condition.
Subjects sat in a chair alongside a table, with the right upper
arm positioned at approximately 45 abduction in the frontal plane
and 45 flexion in the sagittal plane. The elbow joint was flexed
approximately 45. The forearm, but not the wrist and hand, rested
on the table. The forearm was pronated 90 so that the hand was
placed in a natural grasping position. Special attention was given to
digit placement on the sensor such that the center of the digit
surface coincided with the center of the sensor.
During the experiment, a 0.35-kg load was suspended from the
beam at different positions with respect to the middle of the beam.
Suspending the load at different positions caused external torques
of 0.333 Nm, 0.667 Nm, and 1.0 Nm in both clockwise and
counterclockwise directions. Suspending the load in the middle
corresponded to a zero torque. Total weight of the apparatus with
the load was 14.1 N.
Subjects were instructed to take the handle from a rack, place
the forearm on the table, and hold the handle statically in the air
while maintaining the horizontal orientation of the level located on
the top of the handle. They were then instructed to hold the handle
“naturally with minimal force exertion.” When they reported that
they were holding the handle comfortably, data recording started.
Signals were recorded for 2 s, after which subjects placed the

handle back on the rack. On a separate day, the experiment was
repeated but the subjects were asked to produce maximal voluntary
force (maximal voluntary contraction, MVC) on the handle at each
of the 63 experimental tasks, one trial for each task.
Signals were set to zero before each trial. The order of the trials
was pseudo-randomized. Breaks of at least 90 s were provided
between trials to avoid fatigue. The total duration of each
experiment was approximately 2 h.
Data analysis
Data acquisition software written in LabVIEW (National Instrument, N.C., USA) was used to convert digital signals into force and
moment values. Data were digitally low-pass filtered with a
second-order Butterworth filter at 5 Hz. For each trial, data were
averaged over 1.8 s of the holding period (excluding 0.1 s at the
beginning and at the end of the period). Data reduction was
performed using Matlab (Mathworks, Inc., Natric, Mass., USA).
Statistical analysis was performed in Minitab (Minitab Inc,. State
College, Pa., USA).
In the transducer-fixed reference system, forces normal to the
transducer surface corresponded to the z direction Fz. In this
experiment, Fz was oriented horizontally with respect to the
environment. Due to technical reasons, the transducers were
mounted on the handle such that the x and y axes deviated from
the horizontal and vertical axes, respectively. Thus, the resultant of
the forces Fx and Fy exerted in the x and y directions was computed
(the tangential force). Since the task was static, the tangential force
always acted in the vertical direction. Upward tangential forces and
counterclockwise moments were defined as positive.
1. Wrench reconstruction. The finger-sensor interaction was
modeled as a soft-finger contact (Mason and Salisbury 1985). In
soft-finger contacts, the sticking of the fingertip to the sensor is not
allowed; finger forces are unidirectional (the fingers can only press
on the object but they cannot pull on it), and the vector of free
moment MC is normal to the sensor surface. Fingers can, however,
roll on the sensor surface. Hence, the point of force application can
displace. With six-component force/moment sensors, the wrench
WO is collected as a six-component vector WO=(Fx, Fy, Fz, Mx, My,
Mz). The position of the point of force application on the sensor
surface (x, y) and free moment MC were solved as


M
ð4Þ
ðx; yÞ ¼  Fzy ; MFzx ; MC ¼ Mz  xFy  yFx
In the studied tasks, free moments were found to be small, e.g. the
average value of the free moment exerted by the thumb was only
0.014€0.008 Nm. Free moments will not be discussed in this paper.
2. Moment arms of normal forces. Moments of the normal
finger forces were computed with respect to point of application of
the thumb force. Because the fingertips deform and roll on the
object surface, the points of finger point application displace.
Therefore, the moment arms df are different in various trials. For a
finger f, the moment arm of the normal force with respect to the
point of the thumb-force application was computed as:
tr
df ¼ dfs þ dftr  dth

ð5Þ

where the superscript s refers to the projected distance from the
center of the finger sensor to the center of the thumb sensor (see
Fig. 1), and the superscript tr refers to the distance from the point of
digit force application to the center of the sensor in a given trial tr.
Displacement of the points of finger forces application was less
than 3.0 mm. However, displacement of the point of thumb force
was substantial – up to 11 mm. These data will not be discussed
here.
3. Moment arms of tangential forces. Moments of tangential
digit forces were computed with respect to the midpoint between
the surfaces of the thumb and finger sensors. Moment arms for the
digits were equal in magnitude, but the thumb’s moment arm had
the opposite sign to the finger forces. As a result, tangential forces
of the fingers and thumb pointing in the same direction generated
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moments of force in opposite directions. The following equation is
valid:
Tt ¼ ð

4
X

t
Fft  Fth
Þr

ð6Þ

Results
Intersubject variability versus consistency
of individual data

f ¼1

Hence, the moment of tangential forces is proportional to the
difference between the total tangential force of the four fingers
combined (tangential IMRL force) and the tangential force of the
thumb.
4. Data homogeneity. Data recorded on an individual subject
during one task were considered one ten-dimensional vector, with
the normal and tangential components of the five digit forces as the
elements. The cosines of the angles formed by the vectors were
computed using usual procedures of vector algebra:
C¼

PQ
PQ

ð7Þ

where P and Q are the ten-dimensional force vectors recorded on
two subjects, P and Q are the magnitudes of these vectors, the
expression PQ denotes the scalar product of the vectors, and C is
the cosine of the angle formed by the two vectors in the tendimensional space. C is analogous to Pearson’s coefficient of
correlation between the two vectors: the mathematical procedures
used for computing the cosines and correlation coefficients are
identical. C signifies a level of similarity between the force sets
obtained from two subjects. Eigenvalue and eigenvector analysis
was then performed on the matrices of the cosines obtained in each
of the 63 tasks. This analysis is similar to principal component
analysis known in statistics.
5. Factorial repeated measure MANOVA was employed to
analyze the effects of three factors – torque (seven levels), width
(three levels), and thumb position (three levels) – on ten outcome
parameters, the digit normal, and tangential forces. In addition, a
three-factor ANOVA was performed to assess the effects of the
factors on each individual variable.

Fig. 2 Force vectors for individual subjects (examples). Vectors
represent the forces of the thumb, and index, middle, ring, and little
fingers, respectively, in a counterclockwise sequence. Middlethumb position width 60 mm. Left panel: torque 0 Nm. Right panel:
supination torque -1.0 Nm. Cnk is a cosine between the tendimensional force vectors for subjects n and k, a measure of
similarity of the sets of digit forces. The horizontal broken lines

Magnitude and direction of digit forces in single tasks
varied substantially among subjects (Fig. 2). Based on
these observations, the question was posed whether
different subjects use similar force patterns (with some
individual variations) or the differences between subjects
are so large that subjects fall into two or more distinct
groups. The computed cosines values were large – on
average, 0.96 – with the standard deviation 0.08 (from the
total number of 2,835 cosines = 63 tasks  45 paired
comparisons). In each of the 63 matrices of the paired
cosine values, the eigenvalue analysis yielded only one
significant value that accounted for 95.2–98.5% of the
total variability. The largest second eigenvalue was only
2.2%. Hence, in spite of the apparent differences among
subjects, all employed essentially similar patterns of
finger forces and thus analysis of pooled data, including
MANOVA and ANOVA, was justified.
MANOVA and ANOVA results
MANOVA tests of significance (Wilk’s, Lawley-Hottelling’s, and Pillai’s) confirmed that the main effects of
each of the three factors – torque, width, and thumb
position – were statistically significant (P<0.001). Detailed MANOVA results explaining the effects of each
factor and their interaction on each individual variable
cannot be presented here due to space limitations.
Therefore, we limit ourselves to ten, three-factor
ANOVAs (see Table 1).

correspond to 50% of the load. When a tip of the thumb force
vector is above this line, tangential thumb force exceeds the total
tangential force of the four fingers, and a moment of the tangential
forces is in the clockwise direction (supination). When the tip of the
thumb force vector is below the line, the tangential forces generate
a pronation torque

81
Table 1 ANOVA results. Degrees of freedom for torque = 6,
for width = 2, for thumb
position (ThuPos) = 2,
for errors = 52. Total = 62

Source

Normal forces

Tangential forces

SS

MS

F

P

SS

MS

F

P

Thumb
Torque
Width
ThuPos
Error
Total

1905.41
0.50
105.01
819.65
2830.58

317.57
0.25
52.50
15.76
–

20.15
0.02
3.33
–
–

0.000
0.984
0.044
–
–

934.68
0.02
1006.38
98.94
–

155.78
0.01
503.19
1.90
–

81.87
0.00
264.45
–
–

0.000
0.996
0.000
–
–

Index finger
Torque
Width
ThuPos
Error
Total

1298.47
0.04
152.57
122.05
1573.13

216.41
0.02
76.29
2.35
–

92.20
0.01
32.50
–
–

0.000
0.992
0.000
–
–

36.91
0.46
97.53
27.46
162.37

6.15
0.23
48.76
0.53
–

11.65
0.44
92.34
–
–

0.000
0.649
0.000
–
–

Middle finger
Torque
160.75
Width
1.68
ThuPos
17.17
Error
16.86
Total
196.47

26.79
0.84
8.59
0.32
–

82.63
2.60
26.49
–
–

0.000
0.084
0.000
–
–

163.92
0.12
70.88
11.45
246.37

27.32
0.061
35.44
0.220
–

124.07
0.28
160.93
–
–

0.000
0.760
0.000
–
–

Ring finger
Torque
Width
ThuPos
Error
Total

67.62
1.61
3.21
51.67
124.11

11.27
0.80
1.60
0.99
–

11.34
0.81
1.61
–
–

0.000
0.450
0.209
–
–

82.25
0.691
93.72
14.28
190.94

13.71
0.346
46.86
0.275
–

49.90
1.26
170.59
–
–

0.000
0.293
0.000
–
–

Little finger
Torque
Width
ThuPos
Error
Total

187.42
14.18
2.50
54.88
258.98

31.23
7.09
1.25
1.06
–

29.60
6.72
1.19
–
–

0.000
0.003
0.314
–
–

28.35
0.002
41.27
13.63
83.25

4.72
0.001
20.63
0.26
–

18.03
0.00
78.73
–
–

0.000
0.996
0.000
–
–

Torque variations induced statistically significant
changes in all digit forces, both normal and tangential
(P<0.001). The handle width variations did not affect
tangential forces. Width variations produced statistically
significant effects on the normal force of the little finger
(P=0.003); effects on middle-finger normal force were
close to significant (P=0.084). Variations in thumb
position resulted in statistically significant changes in
tangential forces (P<0.001 for all five digits); changes in
normal forces were statistically significant only for the
index and middle fingers.
Normal forces of the virtual and real fingers
Action of the four fingers combined (the IMRL force) can
be replaced by an action of one imaginary finger, the
virtual finger (Cutkosky and Howe1990; Mackenzie and
Iberall 1994; Baud-Bovy and Soechting 2001). Plotting
virtual finger force versus thumb force yielded one
positive rectilinear relationship between the two forces
(this result was expected from equation 1), (Fig. 3a).
Graphs for actual finger forces were more complex,
(Fig. 3b,c,d,e). Curves resembled rotated and distorted

letters V, with the branches corresponding to pronation
and supination torques, respectively. Note that for the
radial and ulnar pairs of fingers, the left (upper) and right
(bottom) branches of the V-curves corresponded to
different directions of force production. Hence, the
normal force of the virtual finger behaved differently
from individual finger forces. This finding justifies
separate analyses of the virtual and real finger forces.
Virtual finger forces
When the torque changed from -1.0 Nm to 1.0 Nm, the
tangential force of the thumb decreased (Fig. 4a) while
the tangential force of the virtual finger increased
(Fig. 4b). Thumb position substantially affected the
magnitude of the tangential forces, whereas handle width
induced much smaller effects. When the thumb was in the
upper position, the tangential thumb force decreased
whilst the virtual finger tangential force increased by the
same amount. Opposite changes were observed with the
thumb in the bottom position. As a result, a plot of the
thumb versus the virtual finger tangential forces yielded
one rectilinear negative relationship that was independent
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Fig. 3 Relationships between
normal thumb forces and the
fingers. a Virtual finger force,
b index finger force, c middle
finger force, d ring finger force,
e little finger force. Open symbols represent supination torques, and closed symbols
represent pronation torques

of thumb position and handle width (Fig. 4c). The latter
result was expected from equation 2.
Equations 1–3 do not specify the percentage contribution of normal and tangential forces into total torque
production, Tn and Tt. Hence, selection of Tn and Tt
represents a subject’s preference (Fig. 5).
When the thumb was in the middle position, the
relation was approximately linear. Regression equations
were for the width 60 mm: Tn=0.03+2.22Tt (R2=0.97); for
the width 75 mm: Tn=0.073+1.29Tt (R2=0.98); and for the
width 90 mm: Tn=0.032+1.06 Tt (R2=0.99). Intercepts of
the regression equations were small. This means that, on
average, the percent contribution of Tn and Tt remained
approximately constant throughout the entire range of
generated moments. The percent contribution depended
on handle width and, for Tt, equaled approximately 31.1%
at the width 60 mm, 43.7% at the width 75 mm, and
48.5% at the width 90 mm. Hence, although the tangential

forces of the thumb and virtual finger did not change
systematically with handle width, (see Table 1 and
Fig. 4a,b), the percent contribution of tangential forces
into the total moment increased with handle width. The
reason behind this change is the increase of the moment
arms, ri: tangential forces of the same magnitude
produced larger moments when the moment arms increased.
With the thumb at the top and bottom positions, the
percentage contribution of Tn and Tt into the total torque
varied throughout the entire range of the torque changes
(see Fig. 5a). It was sharply different for the pronation and
supination torques.
Because the contribution of Tt to the total moment is
not mechanically necessitated, individual subjects may be
expected to show different percentages of total torque
produced by Tt (Figs. 5b and 6). For the majority of
subjects, moments of normal forces, and correspondingly
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Fig. 4 Tangential forces for
different torque values, thumb
positions, and handle widths. a
Thumb force, b virtual finger
force, c tangential thumb force
versus virtual finger force. (Lo,
Mi, and Up signify lower, middle, and upper thumb positions,
respectively – w1=60 mm,
w2=75 mm, and w3=90 mm.)

moments of tangential forces, were not zero at zero total
torque values. When no torque was required, subjects
tended to generate a certain moment of normal forces that
were counterbalanced by an equal and opposite moment
of tangential forces. This fact was much more evident in
individual subjects’ data than in the group averages.
Subjects who tend to produce a larger/smaller percentage of the total torque with Tn in one task were
inclined to do so in other tasks. Fig. 5b illustrates this
assertion: at any value of the moment of the tangential
force Tt, subject 7 generated a moment of normal forces
Tn larger than the group average, while subject 8 always
produced Tn smaller than the average. Among 21
coefficients of correlation between moments of normal
forces (MN), 11 exceeded the level of statistical significance (P<0.05). For instance, correlation coefficients
between MN R1, MN R2 and MN R3 (middle thumb
location, w1) were equal to r12=0.906, r13=0.801, and
r23=0.772, respectively. However, correlations of sharing
percentages with (a) the maximal grip force recorded at a
given torque-thumb position-width
combination, (b) the
P n
total normal force
Ff in a trial; and (c) hand
dimensions were close to zero. None of these variables
affected the percentage contribution of normal and

tangential forces into total torque production. Attempts
to find a canonical correlation between the different sets
of input and output variables failed also; correlation
coefficients were low and nonsignificant.

Discussion
The present discussion addresses the following topics: (a)
torque control as a core constraint of prehension synergies; (b) ‘local’ solutions versus ‘chain’ effects; (c)
hierarchical organization of prehension synergies; (d)
control of virtual forces; and (e) control of individual
finger forces.
Torque control
Static equilibrium requirements (equations 1–3) impose
mechanical constraints on digit forces and moments.
Torque constraint (equation 3) includes all experimental
variables, ten force components, and the corresponding
moment arms, while each of the other two equations deal
with five force components only. Hence, we view this
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Fig. 5 Moment of normal forces Tn versus moment of tangential
forces Tt for the different torque values. Grip width 60 mm. a
Group average at the different thumb positions. Vertical bars
indicate standard deviations. For the middle thumb position, the
regression line is also shown. b Representative examples for two
subjects, middle thumb position. (In the regression equations, Y
stands for the moment of normal forces, X is the moment of
tangential forces.)

constraint as potentially a core one, defining prehension
synergies; this constraint was responsible for the complex
changes in the finger force pattern observed when
independent variables were manipulated.
Consider as an example a task where the thumb
changes its position from the central position to the middistance between the index and middle fingers. Thumb
displacement changes the moment arms of normal finger
forces with respect to application point of the thumb
force; in particular, the moment arm of the index finger
force decreases and the moment arm of the little finger
force increases. If the fingers exert the same normal and
tangential forces as previously, the handle would rotate
clockwise. To prevent the rotation (to satisfy equation 3),
the central controller has several options. For instance, it
can increase the normal force produced by the index
finger and leave other finger forces unchanged. (The
thumb normal force must increase to satisfy equation 1.)
Or, it can leave the pattern of the normal forces
unchanged but compensate the emerging moment by an
additional moment of tangential forces. (In this case the
tangential forces should satisfy both equations 2 and 3.)
No matter which solution is selected, at least two
equations should be satisfied simultaneously. Equation 3
is always one of them. The options are numerous: three
equations impose only three constraints on the variables
whose number can be estimated as 10 (if only magnitudes
of the normal and tangential force components are
considered) or 15 (if displacement of the points of force
application is also taken into account as a control
parameter). Hence, the system is highly redundant. In
spite of the redundancy, all subjects produced approximately similar force patterns: in all tasks, the matrices of
the paired cosine values (they are equivalent to the
correlation matrices) yielded a single significant eigenvalue representing more than 95.0% of the total variability. The similarity of these force patterns suggests that
different subjects solve the problem of coordination of
individual digits using similar synergies, or perhaps even
a single synergy. This finding gives a good reason for
asking what people do exactly when they manipulate
handheld objects and why they prefer particular force
production patterns to others.
Local solutions versus chain effects

Fig. 6 Moments of normal forces Tn versus total torque. The thumb
is in the middle position. Grip width is 60 mm. Individual data of
ten subjects

Among theoretically available solutions, some involve
changes in a smaller number of controlled finger forces.
For instance, a change in moment arms of normal forces
(induced by thumb displacement) can be compensated, at
least theoretically, only by a rearrangement of normal
forces. Changes of moment arms of tangential forces
(induced by handle width change) can be compensated by
a rearrangement of tangential forces only. Obtained data
suggest that the central controller does not employ such
’local’ solutions. Unlike biomechanists, the CNS seems to
make no distinction between normal and tangential forces
provided the desired effect is achieved. Contrarily, (a)
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Fig. 7 Normal index and little finger forces at different handle
widths during supination efforts. When the width increases the little
finger force decreases and index finger force. As a result, the
moment of normal forces decreases. Forces of the ‘central’ fingers
(middle and ring) that have smaller moment arms do not change
systematically. To avoid a messy picture, these forces are not
shown

moment arm changes of normal forces df induced large
changes in tangential forces (see Table 1 and Fig. 4 a,b);
and (b) moment arm variations of tangential forces r did
not affect these forces significantly (see Table 1), while
they did change the patterns of normal forces. For
instance, the normal forces of the peripheral fingers (little
and index), changed systematically with handle width.
These fingers have the largest moment arms, and their
forces were adjusted to minimize moment of normal
forces when the handle width increased (Fig. 7)
Observed modifications of finger forces can be
described as chain effects in a sense that they can be
viewed as a sequence of particular local changes, and
their consequences can be either necessitated mechanically or involve choice by the controller. An increase in
handle width, and correspondingly of the ris, did not
result in changes of tangential forces as could be expected
from a local solution. Instead, the following chain of
events was observed: (a) unchanged tangential forces
produced a larger moment of tangential forces Tt; (b)
increased Tt was compensated by a smaller moment of
normal forces Tn; and (c) to decrease the Tn, normal finger
forces were rearranged. As a result, normal forces were
modified in response to an alteration of moment arms of
tangential forces and vice versa. The observed adaptations
fit perfectly into the classic prediction made by N.
Bernstein (1967), that a synergy “never responds to
detailed changes by a change in its detail; it responds as a
whole to changes in each small part.” (See Turvey and
Carello 1996 for a discussion on synergies in human
movements.) The present data suggest that these multifaceted reactions may result from chain effects.
Hierarchical organization of prehension synergies
Apparent differences in force patterns of the virtual and
real fingers (Fig. 3) support an idea that prehension

synergies are organized hierarchically. Here, we view
digit force and moment production as controlled by a
hierarchical system with at least three levels. At the
highest level, task parameters were defined for the hand.
At the middle level, force and torque constraints were
distributed between the thumb and virtual finger (cf.
Baud-Bovyand Soechting 2001). For instance, equality of
thumb and normal virtual finger forces is maintained for
all values of task parameters, i.e., torque, and handle
geometry. At the lower level, the force and torque of the
virtual finger are distributed among the four fingers.
Formally, this consideration is equivalent to replacement of equations 1–3 by three sets of equations that
define:
1. Forces of the thumb and virtual finger (subscript v
stands for virtual):
n
Fth
¼ Fnn

ð8aÞ

t
þ Fnt ¼ L
Fth

ð8bÞ



t
r
T ¼ T n þ T t ¼ Fnn dn þ Fnt  Fth

ð8cÞ

where dn is the moment arm of virtual finger normal
force, i.e. projected distance from the resultant of normal
finger forces to the point of application of thumb force.
2. Normal finger forces:
Fnn ¼ Fin þ Fmn þ Frn þ Fln
dn ¼ T1n ðFin di þ Fmn dm þ Frn dr þ Fln dl Þ

ð9Þ

and
3. Tangential finger forces:
Fnt ¼ Fit þ Fmt þ Frt þ Flt

ð10Þ

Equation 8 represents the equilibrium conditions at the
virtual finger level, while equations 9 and 10 specify
finger force sharing patterns at the lower level of the
hierarchy.
Control of virtual forces
In equation 8, there are three equations with five
n
t
unknowns: Fnn ; Fth
; Fnt ; Fth
and dn Hence, the system
has two DoFs that can be controlled by the performer at
will. Performers have a freedom to select the values of
n
normal forces, Fth
¼ Fnn (provided that the forces are
sufficient to prevent slipping) and to decide on the values
t
of Tn or Tt. Selection of Tt specifies the forces Fnt and Fth
n
(Equations 3 and 8c). It also specifies T and – because Fnn
is already specified– it also specifies dn. Hence, for a
given handle geometry (values of ds and r), load L, and
torque T, any two variables specify all other variables in
equation 8. For instance, the thumb force – the normal
and tangential components – uniquely defines: (a) total
normal force of the four fingers; (b) total tangential force
of the four fingers; (3) moment of tangential forces; (4)
moment of normal forces, and (5) point of application of
the resultant of normal finger forces.
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With only two DoFs in which precise values are not
prescribed by the task mechanics, the system under
consideration belongs to the class of marginally redundant
systems (Latash et al. 2001), i.e., systems with a small
number of DoFs permitting detailed analysis of the task
mechanics and control. However, even at this level of
analysis, explanation of the obtained facts is challenging.
The percentage contribution of Tn and Tt into the total
torque attracts particular interest (Figs. 5 and 6). It is not
clear why people prefer the observed percentage distribution to others.
Control of individual finger force
Individual fingers do not produce force in the same
direction (Fig. 2). Force generated by the index finger was
always directed differently from other fingers. In particular, during supination tasks at -0.67 Nm and -1.0 Nm, the
force was directed downward. This finding refutes an
explanation that tangential finger forces are generated by
pronation or supination of the forearm, and the fingers
serve simply as passive force transmitters (the load is
taken by the structural elements of the hand, for instance
by the fingertips, without either or both active abduction
and adduction efforts of the fingers). Such a mechanism is
realized in multifingered robotics hands (Gorce et al.
1994; Xiong and Xiong 1997) where normal finger forces
are generated by joint actuators while tangential finger
forces are resisted passively by hand structure (the finger
joints are 1-DoF hinge joints). In human grasping tasks,
the fingers are individually controlled (cf. Schieber 1996;
Hager-Ross and Schieber 2000), and tangential forces are,
at least in part, due to active muscle efforts; otherwise, all
fingers would produce forces in similar directions. Still,
the reasons behind the observed sharing pattern of
tangential forces are unclear. Because moment arms of
tangential forces are the same for all fingers, the four
finger forces are subjected to one constraint only –
equation 10. Hence, there is no mechanical necessity in
prescribing a certain percentage of the total tangential
force to a given finger.
In the literature, the successful prediction of the
individual normal finger forces during torque production
tasks was accomplished by minimization of the ‘central
commands’, the hypothetical neural variables accounting
for the interfinger interaction (‘enslaving’) and computed
via artificial neural networks (Zatsiorsky et al. 2002;
Zatsiorsky et al. 1998, 2000; Li et al 2002; Danion et al.
(2003)). The tangential finger forces and the mechanisms/
rules behind their sharing have not been addressed so far.
We would like to finish by emphasizing the following
central issues that need to be addressed in subsequent
research: (a) the reason behind the observed patterns of
sharing the total torque between torques of normal and
tangential forces, and (b) the sharing of the total
tangential force among individual fingers. Discovering
the mechanisms behind the observed sharing patterns is a
challenging task.
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SUMMARY
The experimental evidence supports the validity of the
principle of superposition for multi-finger prehension in
humans. Forces and moments of individual digits are
defined by two independent commands: “Grasp the object
stronger/weaker to prevent slipping” and “Maintain the
rotational equilibrium of the object”. The effects of the two
commands are summed up.
KEYWORDS: Superposition principle; Human prehension;
Robotics.

1. INTRODUCTION
One of the goals of this paper is to bridge the gap between
the research on manipulation of hand-held objects (prehension) performed in robotics and in human movement
science. Although both research areas can win from this
cooperation, to the best of our knowledge, so far only a
single study has applied the theories and methods developed
in robotics to studying grasping in humans.1
As compared to the human hand, the grippers used in
robotics are clumsy and inept. Nevertheless, research on
human prehension can benefit from ideas generated in
robotics. One of these ideas is the principle of superposition
according to which some skilled actions can be decomposed
into several elemental actions that are controlled independently by separate controllers.2–4
In particular, it has been shown that a dexterous grasp and
manipulation of an object by two soft-tip robot fingers can
be realized by a linear superposition of two commands, one
command for the stable grasping and the second one for
regulating the orientation of the object. In robotics, such a
decoupled control decreases the computation time. This
conclusion was based on the mathematical modeling and
simulation of pinching objects by a thumb and the index
finger. It is not known whether the principle of superposition
is actually used by humans, especially when the grasping is
performed with more than two digits.
2. METHODS
To test whether the control of finger forces during
prehension uses the principle of superposition we performed
two experiments. In the experiments the subjects held
statically instrumented handles using prismatic grips. The
task was similar to holding a glass filled with a liquid. The
weight of the object and the magnitude of the resisted torque
varied among the trials (the experimental setups, that were

akin to the previously used by our group, are described in
detail elsewhere).5–7
In the first experiment, the subjects (n = 6) exerted the
clockwise (negative) and counterclockwise torques of
 1.0 Nm,  0.5 Nm, 0 Nm, 0.5 Nm and 1.0 Nm. The load
was always 14.8 N. At each torque, the subjects performed
25 trials. The forearm, wrist and hand positions were fixed
(Figure 1, right panel). The instruction to the subjects was to
grasp the handle by placing the fingertip centers at the
centers of the sensors and always apply a minimal effort.
Finger forces and moments were recorded and the coordinates of the points of force application were computed.
The analysis was limited to the planar static case; the forces
of the fingers opposing the thumb were reduced to one
resultant force [the virtual finger (VF) force].8–11 The VF
tangential force and VF normal force were computed as the
sums of the tangential and normal forces of the fingers
opposing the thumb, respectively. The moment of the
normal forces was computed with respect to the point of
application of the thumb force. The moment arm of the
normal VF was computed from the Varignon theorem
(Eq. 1)
Dnvf =

Fnfdf
Fnf

(1)

where Fnf is the normal force of finger f and df is the moment
arm of the finger force with respect to the point of
application of the thumb force (a projected distance from
the point of application of a finger force to the point of
application of the thumb force).
Using the data on the accuracy of individual sensors
provided by the producer, the propagation of uncertainty in
the measured finger forces to the uncertainty of the indirect
measurements, e.g. the VF forces, was computed.12 The
Pearson coefficients of correlation were computed and then
corrected for the uncertainty (noise) using Eq. 2.
rx
=
rx + n

  
1+

2n1
2x1

1+

2n2
2x2

(2)

where rx is the coefficient of correlation between the
variables x1 and x2 measured assuming the lack of errors (a
‘true’ coefficient), rx + n is the coefficient of correlation
between these variables when they are measured with errors
(noise), n1 and n2 are the standard deviations of the errors
of the first and second variables, respectively, and x1 and
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Fig. 1. The experimental handle and the digit placement. Subjects maintained the handle statically in the upright position for 3 s. The
load and/or torque varied across the trials. The torque varied by displacing the load along the horizontal beam. The black rectangles
represent the 6-component force and torque sensors. The force components in the X and Y directions are called normal and tangential
forces, respectively. In the first experiment the subjects grasped the handle with the thumb, index, middle and ring fingers. In the second
experiments, they grasped the handle with all five digits. In both the experiments the thumb sensor was in the central position with
respect to the working fingers. The moments of the normal finger forces were computed with respect to the point of application of the
thumb force. The figure is not drawn to scale. (Right panel) The hand fixation. The forearm was strapped and the proximal part of the
hand was supported by an Orthoplast-made brace that was individually molded to the hand shape. As a result the forearm and wrist
movements were abolished and the handle position was standard over all trials.

Fig. 2. Interrelations among the experimental variables. Representative examples. F and M designate the force and moment;
superscripts n and t refer to the normal and tangential force components; subscripts th and vf refer to the thumb and virtual finger,
respectively. A-1: Fnth correlated closely with Fnvf. This correlation was expected: in static tasks Fnth and Fnvf cancel each other. These two
forces represent the first subset of variables mentioned in the text. A-2: Fnvf versus Mnvf. The correlation coefficients are close to zero. B-1:
Ftth versus Ftvf. The values of Ftth and Ftvf are on a straight line. This correlation was expected because Ftth + Ftvf = Constant (weight of
handle). The different location of Ftth and Ftvf values along the straight line signifies the different magnitude of Mt. B-2: Ftvf versus
Mt[Mt = 0.5(Ftvf  Fvth)d, where d = 68 mm]. As the sum Ftth and Ftvf is constant, a change in one of these forces determines the difference
between their values and, hence, the moment that these force produce. B-3: Mt versus Mnvf. B-4: Mnvf versus Ftth. The variables in the panels
B (Ftth, Ftvf, Mt, Mnvf) plus Dnvf constitute the second subset of variables mentioned in the text. The arrows signify the sequence of events
resulting in the high correlation between Ftth and Mnvf (‘chain effects’). Such a correlation does not exist between Fnvf and Mnvf, see panel
A-2. The values of ‘true’ coefficients of correlations, i.e. the coefficients of correlation corrected for noise, are presented.

Superposition principle
x2 are the standard deviations of the first and second
variables measured without errors.
In the second experiment, both the loads and torques
varied among trials (a 9  4 complete factorial design of
experiment). The loads were 14.7 N, 19.6 N, 24.5 N and
29.4 N and the torques were  1.5 Nm,  1.125 Nm,
 0.75 Nm,  0.375 Nm, 0 Nm, 0.375 Nm, 0.75 Nm,
1.125 Nm and 1.5 Nm, in total 36 combinations. At each
load-torque combination subjects performed two trials. The
results were averaged over the trials. Ten subjects took part
in the experiments. Factorial repeated measure MANOVA
was employed to analyze the effects of two factors – LOAD
(four levels) and TORQUE (nine levels) – on ten outcome
variables, the digit normal and tangential forces. The
MANOVA’s tests of significance – Wilk’s, Lawley-Hotteling’s, and Pillai’s – were used.
3. RESULTS
The forces and moments which were exerted by the fingers
on the hand-held object maintained statically in the air have
been recorded and analyzed.
First experiment. Based on the correlations among the
performance variables, all the performance variables
belonged to one of the two subsets (Figure 2). The variables
within each subset highly correlated with each other over
repetitions of a task while the variables from different
subsets did not correlate. The first subset included normal
forces of the thumb and VF. The second subset included
tangential forces of the thumb and VF, the moments
produced by the tangential and normal forces, and the
moment arm of the VF normal force Dnvf. In particular, trialto-trial changes of the VF normal force Fnvf did not correlate
with the variations of the moment of the normal force Mnvf
(Figure 2 A-2). Because the moment of the normal force is
simply the product of the VF normal force and its moment
arm, this lack of correlation is counter-intuitive. Contrarily,
a high correlation between Mnvf and the tangential force Ftth
was discovered (Figure 2 B-4). The high correlation
between Ftth and Dmvf was also found (not shown in the
figure).
Functionally, the fine-tuning of the variables of the first
subset prevents the object from slipping out of the hand and
from moving in the horizontal direction. Conjoint adjustments of the variables of the second subset maintain the
torque and vertical orientation of the handle constant (they
also prevent the object from moving in the vertical
direction). Hence the data conform to the principle of
superposition: Preventing the object from slipping out of the
hand and maintaining the object orientation are controlled
by two separate commands whose effects do not correlate
with each other.
Second experiment. When the resisted load and torque
changed in a systematic manner, the effects of LOAD and
TORQUE on the finger forces – both normal and tangential
– were highly significant (p < 0.001). Conversely, the effects
of the interaction LOAD  TORQUE on the normal and
tangential forces were not significant (p > 0.6). Figure 3
illustrates that the finger force changes associated with
manipulation of one of the factors did not depend on the
magnitude (level) of the other factor. The lack of the
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Fig. 3. The VF tangential forces at the different magnitudes of the
load and the resisted torque. Group average data (n = 10). Note that
the curves are almost parallel which signifies the lack of
interaction between LOAD and TORQUE.

statistically significant interaction effects signifies the
additive action of the LOAD and TORQUE commands.
4. CONCLUSION
The results of both experiments suggest that the principle of
superposition is valid for the control of multi-finger
prehension in humans. Forces and moments of individual
digits are defined by two independent commands: “Grasp
the object stronger/weaker to prevent slipping” and “Maintain the rotational equilibrium of the object”. The effects of
the two commands are summed up.
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Abstract According to basic physics, the local effects
induced by gravity and acceleration are identical and
cannot be separated by any physical experiment. In
contrast—as this study shows—people adjust the grip
forces associated with gravitational and inertial forces
differently. In the experiment, subjects oscillated a
vertically-oriented handle loaded with five different
weights (from 3.8 N to 13.8 N) at three different
frequencies in the vertical plane: 1 Hz, 1.5 Hz and 2.0
Hz. Three contributions to the grip force—static, dynamic,
and stato-dynamic fractions—were quantified. The static
fraction reflects grip force related to holding a load
statically. The stato-dynamic fraction reflects a steady
change in the grip force when the same load is moved
cyclically. The dynamic fraction is due to accelerationrelated adjustments of the grip force during oscillation
cycles. The slope of the relation between the grip force and
the load force was steeper for the static fraction than for
the dynamic fraction. The stato-dynamic fraction increased
with the frequency and load. The slope of the dynamic
grip force–load force relation decreased with frequency,
and as a rule, increased with the load. Hence, when
adjusting grip force to task requirements, the central
controller takes into account not only the expected
magnitude of the load force but also such factors as
whether the force is gravitational or inertial and the
contributions of the object mass and acceleration to the
inertial force. As an auxiliary finding, a complex finger
coordination pattern aimed at preserving the rotational
equilibrium of the object during shaking movements was
reported.
Keywords Prehension . Grasping . Stato-dynamic
relation . Grip force . Load force
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Introduction
When people hold a vertically-oriented object statically
with a prismatic grip (a grip in which the thumb opposes
other fingers), they exert a grip force (G, normal force)
that increases in a linear fashion with object weight
(Kinoshita et al. 1995; Monzee et al. 2003). The grip force
is larger than the minimal force necessary to prevent slip;
the difference between the actual grip force and the
minimal one has been called the safety margin (Johansson
and Westling 1984). When a person moves a hand-held
object up or down, in addition to the gravitational force an
inertial force acts in the vertical direction. The load force
(L, tangential force) in this case equals L=W+ma, where W
is the weight, m is mass of the object and a is its
acceleration. When the load force increases, the grip force
also increases (Johansson and Westling 1984), apparently
to prevent slip.
A relation between the normal and tangential digit
forces applied when lifting an object—a grasping synergy
(Zatsiorsky and Latash 2004)—develops at an early age
(Forssberg et al. 1991; Blank et al. 2001) and is a sign of
skilled hand function (see Gordon 2001 for review). The
grip force is modulated by the weight of the object
(Johansson and Westling 1984; Winstein et al. 1991),
abrupt load perturbations (Cole and Abbs 1988; Eliasson
et al. 1995, Serrien et al. 1999), friction conditions (Cole
and Johansson 1993; Cadoret and Smith 1996; Burstedt et
al. 1999), tangential torques (Kinoshita et al. 1997),
gravitational changes during parabolic flights (McIntyre et
al. 1998; Hermsdorfer et al. 1999a; Augurelle et al. 2003),
and inertial forces that act during shaking and point-topoint arm movements (Flanagan and Wing 1993, 1995;
Flanagan et al. 1993; Flanagan and Tresilian 1994;
Kinoshita et al. 1996) as well as during locomotion
(Gysin et al. 2003). During similar manipulations, the grip
forces are larger in senior adults (Vandervoort et al. 1986;
Kinoshita and Francis 1996a; Cole and Rotella 2002) and
patients with neurological disorders (Gordon and Duff
1999; Babin-Ratté et al. 1999; Hermsdorfer et al. 1999b;
Serrien and Wiesendanger 1999; Fellows et al. 1998,
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2001). Local skin anesthesia and digit cooling make the
coordination of the load and grip force less precise but
does not change the general pattern of coordination
(Nowak et al. 2001; Monzee et al. 2003; Nowak and
Hermsdörfer 2003). Based on these observations it has
been concluded that the grip force-load force coupling is
mainly controlled by a feed-forward mechanism: a central
controller regulates the grip force according to the
expected load force (Johansson and Westling 1984;
Flanagan and Wing 1995) while a feedback mechanism
triggered by cutaneous sensation acts if an assessment of
an expected load force happens to be erroneous.
Despite the great deal of attention paid to the G-L
coupling, the differential contributions of gravitational and
inertial forces to the production of grip force has not been
addressed systematically in the literature. According to
basic physics, the local effects induced by gravity and
acceleration are identical and cannot be separated by any
physical experiment; for example, physics in a gravitational field is equivalent to physics in an accelerating
spacecraft (the so-called “equivalence principle”, Einstein
1907). Does this then mean that people adjust the grip
force to gravity (weight) and inertial forces identically?
If gravity and inertial contributors to the load force—
where gravitational load changes result when objects with
different mass are alternately grasped, and inertial load
changes result from object transport—induce equal effects
on central assessments of necessary grip force, similar
variations in the gravitational and inertial forces should
induce identical changes in the grip force. For instance, if
the grip force (normal force) is G=kFt, where Ft is a
tangential force (when a grasped handle is oriented
vertically the tangential force equals the load force L)
and k is a coefficient of proportionality, then the coefficient k should be the same whether L is changed due to a
change in the weight of the object or to its acceleration
(Fig. 1a). In experiments, we obtained evidence that this is
not the case: Manipulations of object weight and acceleration are associated with different modulations of grip
force, as illustrated in Fig. 1b. In Fig. 1b, three grip forceload force relations can be traced:
–
–
–

A static relation between the grip force and the weight
of the object.
Dynamic relations between the grip force and the
inertial force change; the dynamic relations are
represented by the ellipse-like force-force curves.
A stato-dynamic relation (dotted line) that relates the
average grip force during the movement to the weight
of the object.

The goals of the present experiment were: (1) to
quantify the static, dynamic, and stato-dynamic relations
and their contributions to the grip force, and (2) to
determine the effects of the gravitational and inertial forces
on grip force production. To this end, two task variables
were manipulated: object mass and oscillation frequency
(acceleration).

Fig. 1a,b Effects of object weight and inertial force on the grip
force. The inertial forces are due to an up-and-down oscillation of
the vertically oriented handle. a An expected relation between the
grip and load forces in the event that the grip force adjustments to
the weight and inertial forces are identical. The expected dynamic
grip force adjustments (open ellipses) are oriented along the same
line as the static grip force-load force relation. b If the effects on the
grip force of moving the handle differ from the static relation, the
ellipses may be expected to shift with respect to the static line and to
be oriented differently. Three fractions of the grip force—static
(solid straight line), stato-dynamic (dotted line), and dynamic
(ellipses)—are explained further in the text (see Fig. 3)

Methods
Six healthy right-handed male subjects (27±6 years, 75±9
kg) participated voluntarily in this study. Subjects had no
previous history of neuropathies or trauma to the upper
extremities. All subjects gave informed consent according
to the procedures approved by the Office for Regulatory
Compliance of The Pennsylvania State University.
Experimental set-up
The subjects manipulated an aluminum handle composed
of two horizontal bars and two vertical pillars. Five sixcomponent force/moment transducers (Nano-17, ATI
Industrial Automation, Garner, NC, USA) were mounted
on the pillars. The center points of the index and middle
finger sensors were located 37.5 mm and 12.5 mm,
respectively, above the midpoint of the handle (Fig. 2).
The center points of the ring and little finger sensors were
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located 12.5 mm and 37.5 mm, respectively, below the
midpoint. The grip width (the distance between the
surfaces of the thumb contact and the finger contacts)
was 60 mm. The surfaces of the transducers were covered
with 100-grit sandpaper. The friction coefficient between
the skin and sandpaper in different subjects ranged
between 1.4 and 1.5 (Gao 2002). A tri-axial accelerometer
(EGA 3, Entran, USA, range ±5 g, weight 0.5 g) was
mounted on the horizontal bar at the lower left corner to
record the acceleration of the handle.
The output cables of the sensors were tied together and
hung 20 cm above the top of the handle to avoid
interference during the cyclic movement. The cables were
connected to a customized box that split the cables into
separate channels corresponding to individual signals and
input the signals to two 32-channel 12-bit AD converters
(PCI-6033E, National Instruments, Austin, TX, USA).
The digital signals were processed using a computer (Dell
Dimension 8200, USA). The sampling frequency was set
at 200 Hz. Data were recorded by a customized program
written in LabView 6.1 (National Instruments, Austin, TX,
USA).
Test procedure
Before the experiment, subjects cleaned the tips of the
digits with alcohol to normalize skin condition. The
subjects were instructed to hold the handle statically with
the forearm unsupported while placing the tips of the
digits at the centers of the sensors before each trial. Before
each of the task conditions the subjects were trained to
ensure proper performance. In particular, for different
movement frequencies, a rhythmic audio signal was
provided, and the subjects tried to follow the tempo of
the signal. The recording did not start until the subjects
could match the rhythm well.
Subjects were instructed to make vertical cyclic arm
movements while timing the movements with beeps

generated by the metronome. Two horizontal ropes, 10
cm apart in the vertical direction, were used to mark the
target amplitude of the movements. The subjects were
instructed to move the handle along a straight line and to
keep its orientation constant throughout the test. The
movements of the handle were visually monitored by the
experimenter. Handle rotation was not recorded but, based
on visual observation, it was assumed negligible. Three
movement frequencies, 1 Hz, 1.5 Hz and 2 Hz, and five
different loads —3.8 N, 6.3 N, 8.8 N, 11.3 N and 13.8 N—
were used. Since maximal acceleration during a harmonic
motion equals ω2x0 where ω is the circular frequency (rad/
s) and x0 is the amplitude of the motion, the doubling of
frequency from 1 Hz to 2 Hz induced a four-fold increase
in the inertial force. Combined with the load force increase
due to the changes in the mass of the object, the
experimental tasks secured almost a 15-fold difference in
the load forces between the light weight, low frequency
and the heavy weight, high frequency tasks. Each test
lasted 15 s; 20-second breaks were given between
consecutive trials. At the beginning of the test for each
load condition, subjects were asked to hold the handle in
equilibrium with minimum effort, and the static finger
forces were recorded for 15 s. The order of the tests was
randomized.
Data analysis
Raw data were low-pass filtered at 5 Hz with a fourthorder Butterworth filter. In the transducer-fixed reference
system the grip forces were normal to the transducer
surface (in the z-direction). The load force was tangential
to the surface (along the y-axis), aligned with the vertical
pillars.
The contributions of static, dynamic, and stato-dynamic
fractions to the grip force were calculated as follows: (a)
the static fraction is equivalent to the grip force during a
static task; (b) the dynamic fraction is the projection of the
L-G vector from an ellipse center along the major axis of
the ellipse on the grip force axis; and (c) the stato-dynamic
fraction is the difference between the center of the ellipse
and the static fraction for a given weight of object (Fig. 3).
To divide the entire force-time history into individual
cycles, the instances where the vertical acceleration
equaled zero (or was closest to zero) were selected.
These instances were labeled and used to identify
individual cycles for further analysis. In some trials,
low-frequency changes in the normal force were observed.
Therefore, a high-pass filter at a cutoff frequency of 0.3 Hz
was applied to the normal force and an offset was added
such that the filtered force had the same means as the
unfiltered grip force.
Statistical analysis

Fig. 2 Schematic drawing of the experimental set-up (the drawing
is not to scale)

To compute the static L-G relation, the grip force
measured during static tasks was linearly regressed on
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sion of the second order of the stato-dynamic constituent
of the grip force on the object weight was computed. This
regression signifies an inter-task relation between the
average grip force recorded during object oscillation and
in the static tests.
In the time domain, cross-correlation analysis was
performed to examine the phase relation between the grip
force and load force.
Statistical analysis was performed in the Statistics
toolbox of Matlab 6.1 (The MathWorks, Inc., Natick,
MA, USA).

Results
Fig. 3 Expanding the grip force into three fractions: static, statodynamic and dynamic. W is the object weight. The static relation is
represented by a straight line. The dynamic relation is represented
by an ellipse. The L-G vector (not shown in the picture) goes from
the ellipse center to the star representing an L-G pair selected for the
analysis

the load force (the object weight); see Figs 1 and 3. Note
that this relation represents inter-task changes.
The dynamic component was determined in two
complementary ways: (a) the changes in the grip force
during a trial were linearly regressed on the changes of the
load force, and (b) the major axis of the force-force ellipse
was determined by principal component analysis. The
major axis corresponds to the eigenvector of the forceforce relation with the maximal eigenvalue. Error ellipse
fitting was applied to the relation between grip force and
load force, and the confidence level was chosen at 85%.
The dynamic relations represent the intra-task dependencies between the grip and load forces.
One of the goals of this study was to determine whether
people react to the gravity and inertia force variations in a
similar manner. To do this, we compared the slopes of the
L-G ellipses of the dynamic relations with the slopes of the
static relations. Because sequences of instant L-G
observations during a trial were not independent, usual
statistical methods of comparing slopes of regression
equations could not be applied. For that reason, the
differences between the slopes of the static and dynamic
relations were determined for each subject and task. A
non-parametric analog of repeated-measures ANOVA, the
Friedman test, was applied; in addition Wilcoxon’s signedrank test was used.
The stato-dynamic fraction of the grip force was
determined— for a given subject, oscillation frequency,
and object weight—as the difference between the projection of the geometric center of the dynamic force-force
ellipse recorded during an oscillation test on the grip force
axis and the grip force in static conditions (Fig. 3). For
each oscillation cycle, a value of the grip force at the
instant when the vertical acceleration was zero was
determined. The values of the grip force at these instances
were averaged over all cycles. Then the data for different
object weights were combined and the parabolic regres-

Force changes in an oscillation cycle
This section includes experimental data that—although
auxiliary to the main goal of the study—substantiate the
employed method of data analysis, in particular using the
sum of normal force magnitudes of the five digits as a
measure of the grip force.
The normal force exerted by the thumb equaled the total
normal force exerted by the four fingers, referred to later
as the virtual finger (VF) force (see Arbib et al. 1985;
Baud-Bovy and Soechting 2001, MacKenzie and Iberall
1994), at any instant during the oscillation cycles (Fig. 4).
This relation was expected from the conditions of
equilibrium: a force inequality would result in object
acceleration in the horizontal direction. Hence, analysis of
the VF normal force provides the same results as analysis
of the thumb force.
In contrast, the tangential forces of the thumb and VF
were not equal; the difference changed in a systematic way
during a movement cycle (Fig. 5). Two unequal parallel
forces exert a torque on the object. To prevent handle

Fig. 4 The normal force of the thumb versus the normal force of
the virtual finger (VF). The virtual finger is an imaginary finger that
generates the same mechanical effect as the four fingers combined.
Data for a representative subject are illustrated
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Fig. 5 The time history of the difference between the tangential
forces of the thumb and virtual finger (VF) in a typical trial. The
frequency was 2 Hz, the weight was 13.8 N. Data for a
representative subject are shown. To obtain the torque generated
by this difference it should be multiplied by the moment arm (the
width of the grasp: 60 mm)

rotation, the torque due to the tangential forces was
opposed by the torque of the normal forces; during the
cycle, the sharing pattern of finger forces changed in a
rhythmic manner (Fig. 6) such that the rotational equilibrium was preserved.
While the mechanisms of preserving rotational equilibrium of hand-held objects during manipulation deserve
attention, we mention the above facts solely to explain
why we used the sum of the absolute values of the normal
forces exerted by all five digits as a measure of grip force.
An alternative choice would be using only the thumb or
the VF forces. However, because tangential forces of the
thumb and VF are not equal while the normal forces are
similar, such an approach would result in an unnecessarily
complex analysis.

Fig. 6 Changes in the sharing pattern of the normal finger forces
during a trial as a percentage of the total force. To avoid a messy
figure only the sharing percentages of the index and little fingers are
shown. Normal forces of these fingers produce opposite moments of
force about the thumb as a pivot. Hence, an increase in the sharing
percentage of one finger with a simultaneous decrease of the other
finger alters the moment of the normal forces exerted on the object.
Frequency 2 Hz, weight 13.8 N. Data for a representative subject are
shown

Grip force-load force relations
An example of the grip force–load force relation is
presented in Fig. 7. In this particular subject the slopes of
all dynamic relations are below 1.0 (an increase of the load
force by 1 N induces an increase of the grip force <1 N)
while the slope of the static relation equals 1.22 and the
stato-dynamic relation is a quadratic parabola with positive coefficients.
Expanding the grip forces into the contributing
fractions
The magnitudes of the contributing fractions—static,
stato-dynamic and dynamic—to the grip force for various
tasks are presented in Fig. 8.

Fig. 7 Static, dynamic and stato-dynamic relations between the
grip and load forces. The inertial forces are due to an oscillation of
the vertically-oriented handle at 1.5 Hz over about 10 cm in the
vertical plane. The weights are 3.8, 6.3, 8.8, 11.3, and 13.8 N. The
total force of five digits is shown for a representative subject,
Subject 1. W is the object weight, the load force L=W+ma
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Fig. 9 Stato-dynamic fractions at various frequencies and loads.
The data are group averages. The vertical bars are standard errors of
the mean

The static grip force-load force relations satisfy a linear
regression equation Gstat=a+bW, where Gstat is the static
fraction of the grip force, Table 1. Note that the intercepts
of the regression are small and, hence, the static relation
can be approximated by a product Gstat=kW, where k is a
coefficient.
The stato-dynamic fraction increases with the frequency
and load with only one exception, the relation between
load 4 and load 5 at frequency 2 Hz (Fig. 9). The statodynamic fraction (Gstadyn) was significantly influenced by
frequency and load conditions (Friedman’s test, p<0.001).
The parabolic regression equations for the entire group
are:
Frequency 1Hz; Gstadyn ¼ 0:027W 2  0:274W þ 0:66;
R2 ¼ 0:94
Frequency 1:5Hz; Gstadyn ¼ 0:045W 2  0:42W þ 1:44;
R2 ¼ 0:91
Frequency 2Hz; Gstadyn ¼ 0:02W 2 þ 0:85W  1:55;
R2 ¼ 0:92

Table 1
subjects
Fig. 8a–c Static, stato-dynamic and dynamic contributions to the
grip force at various loads and oscillation frequencies. The dynamic
contribution was computed by projecting the major axes of the force
ellipses onto the grip force axis. Group averages and standard errors
of the mean are shown. Frequency: a 1 Hz; b 1.5 Hz; c 2 Hz. LD1–
LD5 correspond to the weight values 3.8, 6.3, 8,8, 11.3 and 13.8 N,
respectively

Static grip force–object weight relations for individual

Subject

Equation

1
2
3
4
5
6

Gstat=–0.38+1.226W
Gstat=–1.226+1.111W
Gstat=–0.841+1.551W
Gstat=0.653+1.03W
Gstat=0.748+1.537W
Gstat=–1.035+1.482W

Coefficient of correlation
0.984
0.966
0.993
0.999
0.975
0.934
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Fig. 10 Slopes of the dynamic and static grip force–load force
relations. Equal increments of the load force may induce unequal
increments of the grip force

Fig. 11 Grip force and load force (N) time histories. Subject 6,
frequency 1 Hz. The lower panel shows a close-up of the upper
panel, the peak values of the curves are labeled with circles

Dynamic grip force-load force relations
From Fig. 7 above, one can clearly see that the dynamic
relations between grip force and load force are different
from the static relation. Within a single oscillation cycle,
the changes in grip force depend on (a) the range of the
variation in load force—completely defined by the task
mechanics (the amplitude and frequency of oscillation and
the object weight); (b) the slope of the grip force–load
force relation, which can be controlled by the performer.
As already mentioned (see Fig. 8), the magnitude of the
dynamic part increased with increasing object mass. This
effect was expected: the grip force scales with the load
force, which—at the same frequency—changes linearly
with the mass. However—and this was not expected—the
slopes of the dynamic grip force–load force relations (the
major axes of the force-force ellipses) decreased with
movement frequency for all masses of the objects (Fig.
10); in other words, equal increments of the load force
induced smaller increments of the grip force at high
frequencies. In contrast, the slopes increased with increasing load (with only two exceptions: the loads of 3.8 N and
6.3 N for 1-Hz and 2-Hz frequencies—not shown in the
figures).
The differing effects of frequency and mass increments
on the L-G relations suggest that the central controller
takes into account—when determining the grip force
magnitude—not only the expected load force but also its
origin and whether the force is increased due to the an
increase in mass or acceleration.
To determine the differences between the slopes of the
static and dynamic relations, the differences were
computed individually for each subject, frequency and
task and then the non-parametric Wilcoxon signed-rank
test was applied. In 11 of the 15 cases the difference was
statistically significant at p<0.05, and in the other four
cases—6.3 N and 13.8 N at frequency 1.5 Hz, 8.8 N and
11.3 N at frequency 2 Hz—the p values were 0.06, 0.06,

0.16 and 0.09 respectively. Furthermore, the slopes of the
dynamic relations were significantly affected by the
frequency and load conditions for all subjects (p<0.001,
Friedman’s test).
Cross-correlation between grip force and load force
As already mentioned, the dynamic relation between grip
force and load force has an ellipse-like shape (see Fig. 7).
The existence of the ellipse-like—rather than perfectly
linear— relation is due to the phase lag between the grip
force and the load force time histories. To test this, crosscorrelation between the grip force and load force was
computed. Positive lags were observed in 400 out of 630
cases (15 tasks×6 subjects×7 digit combinations—each of
the digits, VF and the total force of five digits), which
means that the peak of grip force preceded that of the load
force in most of the cases. Figure 11 gives an example of
the time delay between the grip force and load force. The
magnitude of the time lag varied from zero to 50 ms.
Despite the fact that the positive lags dominated in most of
the trials, the mean time lag for the entire set of 630 trials
was about zero to 5 ms. Thus, on average, the grip force
and load force were modulated in phase. In this sense, the
parallel modulation of grip force with load force (Flanagan
and Wing 1995) has been confirmed. The existence of
(small) negative lags in certain cases deserves future
research.

Discussion
The main result of this study is straightforward: When
manipulating hand-held objects, people adjust grip force to
the expected gravitational and inertial forces differently.
Three contributions to grip force—static, dynamic and
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stato-dynamic—have been quantified and they will be
discussed in this section. As an auxiliary finding we would
like also to mention the complex finger coordination
pattern aimed at preserving the rotational equilibrium of
the object during oscillatory movement (Figs. 4 and 5).
On the whole the paper points at, and quantitatively
separates, control mechanisms of prehension that act in
parallel. In this regard, the present data agree with the
principle of superposition (Arimoto et al. 2001; Zatsiorsky
et al. 2004) according to which a dexterous grasp is
realized by a linear superposition of two commands, one
command for the stable grasping and the second one for
regulating the orientation of the object.
When subjects hold an object statically, the vertical
force exerted by the performer on the object balances the
object weight. With an increase in the static load force the
grip force also increases, evidently to prevent slip
(Johansson and Westling 1984; Cole and Abbs 1988;
Flanagan and Tresilian 1994) The relation between the
grip force and load force is linear over the entire range of
the object weights explored in this study (Fig. 1). Similar
findings have been reported by other authors (see
Kinoshita et al. 1995).
When subjects move the object in the vertical plane, the
extra force in the vertical direction is needed to accelerate
or decelerate the object. According to Newton’s Second
Law of motion, the net load (tangential) force is directly
related to the mass and acceleration of the object a,
L¼

5
X

Li ¼ W þ ma

i¼1

where Li represents the load forces exerted by individual
digits. Accordingly, an increase in the mass of the object
and/or acceleration will result in an increase in the load
force. The grip force changes with the load force. When
the object is oscillated, the dynamic relation between the
grip force and load force show ellipse-like patterns and, on
a coarse scale, the forces change in phase with only small
time lags. However, the gains/slopes of the load force–grip
force relations are not constant. An increase in the
acceleration/frequency leads to a drop in the slopes
while an increase in the mass makes the relations steeper.
Hence, the central controller adjusts the grip force not only
to the magnitude of the load force but also to the
differential contributions of the mass and acceleration to
the ma product. When the object is stationary, the relation
between the load force (which is defined only by gravity)
and grip force is the steepest. Hence, we conclude that the
controller regulates the grip force in static and dynamic
tasks differently.
The stato-dynamic part (the difference between the
average grip force during a dynamic task and the static
task performed with the same object) characterizes a
background force level on which the rhythmic dynamic
oscillations of the grip force in individual cycles are
superimposed. This level, albeit not completely stable, is
maintained throughout the entire trial. The stato-dynamic

part signifies a general reaction of the performer to the
task, possibly to a perceived risk of dropping the object
during the movement. When the load and/or acceleration
increase, the stato-dynamic part also builds up. In other
words, when the task becomes more challenging, the
controller adjusts the grip force to a higher level. If the
task is easy, for instance when the object mass and
frequency of oscillation are low, the controller may even
decrease the general level of the grip force as compared
with the corresponding static task (note the standard error
bars in Fig. 8).
The origins of the different grip adjustments to gravity
and inertial forces are as yet unknown. They may include:
1. Effects related to more proximal joints: mechanical
(for example the central controller may act not only
with respect to the forces exerted at the finger tips but
to the self-induced acceleration at the proximal joints).
2. Effects related to different reactions of sensory
receptors: sensory. For instance, safety margin—the
difference between the actual grip force and the
minimal grip force necessary to prevent slip (Johansson and Westling 1984)—may be viewed as being
defined by a desire of the system to have a certain
level of sensory signals from the receptors at the finger
tips (see Cole 1991; Cole et al. 1999). If motion is
associated with elevated excitability of the receptors,
they require less grip force to produce similar levels of
activity.
3. Effects related to assuring stable performance of the
task: motor control. For instance, the safety margin
may be kept lower if the system relies on corrective
responses to partial slip (Mori et al. 2003). Partial slip
is expected to be higher during motion than during
static holding. Maybe the average grip force drops
because of the higher efficacy of the corrective
responses.
Special experiments are needed to explore the abovementioned hypotheses. In particular, it might be useful to
perform an experiment where both effective gravitational
load changes and inertial changes are achieved simultaneously. A hand-held object’s effective weight could be
altered by servomotor-controlled bands attached to
opposite ends of the handle.
A general conclusion from this study is that when
adjusting the grip force to the requirements of a task, the
central controller takes into account not only the
magnitude of the load force but also whether the force is
exerted statically or dynamically.
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