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Abstract

Controlling finger impedance is critical for suc-
cessful grasping. Understanding how humans
achieve this is of great interest for learning
about human motor control, as well as for ap-
plications in robotic grasping. There have been
a number of studies on finger impedance in
both the robotics and biological fields. They
almost exclusively consider only stiffness and
viscosity. However, inertia may play an impor-
tant role in certain grasps, and is important for
calculation of the other impedance properties.
This paper reports current progress of a project
to create a geometric model of the hand for pre-
dicting hand/grasp inertia at different configu-
rations (sensed by a glove that measures joint
angles) during a variety of tasks.

1 Introduction

There is an abundance of literature on grasping, cover-
ing both robotic and human studies. In a comprehen-
sive review, Shimoga [1996] reduced the different grasp
quality measures to four mutually independent proper-
ties that “an articulated force-closure grasp must pos-
sess in order for it to be able to perform everyday tasks
similar to those performed by human hands”. These are
dexterity (configuration of grasping fingers), equilibrium
(how hard to squeeze the object being grasped), stability
and dynamic behaviour. Simplistically, dexterity entails
the placement of fingers on the grasped object and equi-
librium entails the forces exerted by the fingers. Dy-
namic behaviour consists of movement kinematics (ve-
locity, and acceleration), and stability (i.e., the ability
to return to equilibrium).

In order to satisfy dynamic and stability requirements,
the impedance of the fingers and grasp as a whole needs
to be controlled. In addition, impedance is recognised
to help deal with changing conditions [Kao et al., 1997]
and is important for creating a grasp with the desired
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qualities for the object and task at hand (excuse the
pun) [Friedman and Flash, 2005].

The finger impedances determine the dynamics of the
fingers. They can be combined, and using a grasp map
to include the contact interaction between the hand and
object, a measure of ‘grasp’ impedance can be calculated.
This provides a measure of the dynamics of the object
as a result of the grasp, or the dynamics of the object-
finger system. A generic dynamic equation is shown in
equation 1.

f=Mi+ Bi+ Kz (1)

Impedance is comprised of dynamic and static compo-
nents. The static component, K, is stiffness or elasticity.
It represents a spring, and is a measure of the displace-
ment that would result from a force. The dynamic com-
ponent is further divided into damping, B, and inertia
M. These represent the ratio between force and velocity,
and force and acceleration, respectively.

Many studies have focussed on impedance in the con-
text of manipulator control - stability and dynamic be-
haviour. Shimoga [1996] reported many studies that in-
vestigated impedance, all of which had a focus on the
stiffness properties only. In recent years, research on
robotic grasp stability and dynamic impedance has sim-
ilarly neglected inertia. Li [1998] investigated the dy-
namic grasp stability using Liapunov analysis for differ-
ent contact forces. Svinin [1999] studied rotational sta-
bility of a rigid body under constant contact forces. Lin
[2000] developed a quality measure for compliant grasps
and fixtures based on stiffness and later extended the
stiffness models used in previous studies to encompass a
variety of nonlinear contact models [Lin et al., 2004].

Li et. al. [1998] have shown the importance of stiff-
ness and viscosity due to the requirement that for dy-
namic stability, there must exist positive definiteness of
the viscosity and stiffness matrices due to the Liapunov
stability criterion. However, “dynamic forces can be sig-
nificant, particularly when the manipulation velocity is
relatively high or when the grasped object and finger in-



ertias collectively produce significant inertial forces dur-
ing manipulation” [Shimoga, 1996]. Therefore, knowl-
edge of the grasp inertia for a given hand configuration is
likely to improve dynamic control as well as stability. In
addition, control of inertia may be important for certain
tasks; which can be revealed through human studies.

From another perspective, a number of studies have
investigated hand impedance in human grasping. Kao
[1997] investigated the stiffness of the thumb and in-
dex finger in a plane, Milner [1998] studied the effect
of finger posture and voluntary forces on stiffness, Van
Doren [1998] and Buttolo [1996] measured the stiffness
of a grasped object and Jindrich [2004] investigated the
impedance of finger joints during tapping on a computer
keyboard keyswitch, modeling the finger as a spring-
damper system. Hajian [1997] experimentally measured
the inertia of the index finger whilst fully extended, un-
der abduction and extension of the metacarpophalangeal
(MCP) joint. However, this does not provide enough
information to predict the effective endpoint mass for
other configurations. Friedman [2005] calculated grasp
stiffness during certain grasping tasks, and calculated
the resulting stiffness ellipsoids oriented with respect to
the object frame, showing that hand stiffness can be task
dependent.

These studies have shown that grasp impedance is
an important factor controlled by humans in order to
achieve the desired task dependent grasp. Stiffness
has been the focus of the research. However, dynamic
impedance may also be important as an independent fac-
tor. In addition, in order to measure the stiffness and/or
viscosity accurately, the inertia must also be considered.

This study investigates grasp impedance with a focus
on inertia. Stiffness and viscosity are functions of link
configuration and muscle activation. These parameters
are typically measured by observing the finger displace-
ment due the application of a known force. However,
this is very difficult to accomplish accurately and mean-
ingfully during the performance of a grasping task.

Unlike viscosity and stiffness, inertia is theoretically
a function of link configuration alone. Therefore, if the
geometry of the link and link segment inertia tensors are
known, the link or finger inertia can be calculated solely
from the link configuration. This provides a convenient
way to calculate the inertia of a human grasp during ob-
ject manipulation, and could be used to control a robotic
hand.

These details can be known a prior: for a robotic hand.
However, in order to study a human hand, it is more diffi-
cult. In this work, we have developed a geometric model.
This is part of an overall project that is in progress. The
accuracy of the geometric model is to be tested exper-
imentally by measuring the endpoint inertia of human
fingers at several configurations and comparing this to

predictions from the model.

For other body parts, there has been extensive work on
studying the inertial characteristics and developing geo-
metric models. However, relatively few works have con-
sidered the inertia of the fingers and of a grasp. Sancho-
Bru et al. [2001] proposed a dynamic model of a finger,
and noted the importance of inertial effects when con-
sidering fast movements.

This paper gives a brief introduction to the mathe-
matics used for calculating grasp impedance, describes
the geometric model of the hand and some preliminary
results for three tasks.

2 Mathematical Background

We will be studying the dynamic equation for an object
subject to a grasp made up of several fingers in contact
with an object. For a thorough mathematical treatment,
see [Murray et al., 1994]. All grasps are assumed to
be pad opposition grasps, where the finger only makes
contact with the object at the fingertip.

We make use of three reference frames. The world
frame, the contact frame, and the object frame. The
object frame’s origin is at the centre of mass of the ob-
ject. Its orientation is arbitrary, but remains fixed. The
contact frame’s origin is at the point of contact, and it
is oriented with the z-axis normal to the surface of the
object.

The fingers cannot exert arbitrary forces on the object,
being subject to friction constraints. A soft finger con-
tact model is used, where three force components and
the moment about the z-axis of the contact frame are
transmitted. This is expressed by the matrix B. which
transforms forces at the finger endpoint, to forces expe-
rienced by the object.

2.1 Grasping Impedance

We use a linear second-order lumped element model com-
mon in impedance studies. The calculated impedances
are instantaneous, and therefore considered to be con-
stant allowing linearisation of the dynamic equation.
The dynamic equation (expressed in workspace coor-
dinates) for the grasped object as a result of the grasp
is given:
Fop = My X + Bop X + Kgp X (2)

where each impedance term is a 6x6 matrix relating a
force wrench F,, to object motion represented by the
twist X. A twist is a way of representing translational
and rotational motion as a translation and rotation along
an axis. See [Murray et al., 1994] for more detail.

The impedance terms are calculated by combining the
endpoint impedances of each finger (transformed into the
object frame) while compensating for the contact inter-
action between finger and object.



Using the inertia term as an example:

Mo, =Y GBI MepsB.GY (3)
f

where Mepy, the endpoint inertia impedance term, gives
the torque and forces at the endpoint of finger f as a
result of angular acceleration, for each finger. B, is the
contact model, and transforms the forces at the endpoint
to the forces that can be exerted on the object. It is
identical for every finger. G is the grasp map for finger
f and transforms forces from the contact frame to the
object frame. The summation is carried out for each
finger that participates in the grasp, giving the object
inertia term.

2.2 Inertia

The endpoint inertia term for each finger, which is re-
quired in order to calculate the impedance as shown
above, can be calculated from knowledge of the geom-
etry of the finger or manipulator. This also applies to
the mobility, which is equal to the inverse of the inertia.
They are given by:

Mep=J T"MchJ ™! (4)
MOBep = Mlep =JMch™tJ" (5)

where J is the conventional manipulator Jacobian,
mapping endpoint velocity (local parameterisation) to
joint angles.

Mech is the chain inertia, and maps angular acceler-
ation of the joints to torques at the joints. It is given
by:

Mech =3 (J))" MiJ} (6)
where Jib is the body manipulator Jacobian for link ¢,
which relates the body velocity to joint angles (the body
velocity is the velocity of a rigid body in the instanta-
neous body frame). The summation is carried out over
all the links in the manipulator (in this case a finger).
Each link has a body Jacobian. M is the generalised
inertia tensor for link 7. Given by:

ml 0
M= (505 @
where m is the mass, and Z is the inertia tensor of link
1.
3 Hand Geometric Model

Each finger is represented as a multi link chain, where
each link is a homogeneous cylinder. This is a simplifica-
tion, as human fingers consist of a non cylindrical bone,
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Figure 1: Hand Model.

surrounded by non homogeneous flesh. However, the
broad features of finger inertia are likely to be the same,
and this is an investigation into the feasibility of such a
geometric model. The hand model used is shown in Fig-
ure 1. The task is to study the ‘grasp’ impedance rather
than the hand as a whole. As a result, only the fingers
are considered, with respect to the palm. This is consid-
ered to be the important factor that is most varied for
pad opposition contact grasps. For the index to pinkie
fingers, this involves the segments from the knuckle up,
or from the ABD/MPJ joints. For the thumb, all the
segments above the TR joint are considered.

As reported in [Zatsiorsky, 2002], the hand (including
palm) orientation significantly alters the effective end-
point mass of the arm for certain tasks such as hitting a
ball with a racquet. This work could be later extended
to cover these scenarios as well.

3.1 Implementation of model - Predicting
Grasp Inertia

Apparatus

Throughout the experiments, the CyberGlove (Immer-
sion), and Fastrak (Polhemus) were worn by the sub-
ject, in order to record joint angles and hand position.
The experimental setup is identical to that described in
[Friedman and Flash, 2005].

CyberGlove The CyberGlove is a tight fitting glove
with multiple strain gage sensors located over or near the
joints of the hand and wrist. It was used to measure 22
joint angles of the hand. The relationship between the
raw sensor output and joint angles is predominantly lin-
ear, but there is a subject-dependent component, and a
calibration procedure was performed to find the parame-
ters. The joint angles were sampled at 90Hz throughout
the recordings. The 3D locations of the joints (includ-
ing the fingertips) were estimated using a model of the
hand based on the model presented in [Turner, 2001] and
shown in Figure 1.



Fastrak The Fastrak sensor is a small box worn at the
back of the wrist. It records 3D position and orienta-
tion by sensing an AC electro-magnetic field. Data were
recorded at 120Hz and then re-sampled to 90Hz so as to
coincide with those from the CyberGlove.

Experimental procedure

Matlab (MathWorks) was used to implement the model
using the equations and hand model described above. A
healthy male subject aged 27 wore the CyberGlove and
Fastrak and was required to perform three tasks: Lifting
a cup from the side, from the top, and unscrewing a lid
(see Figure 2). The endpoint inertia for each finger and
the grasp inertia was calculated for each scenario at the
onset of the task.

Processing data for input to the geometric model
The Fastrak and CyberGlove data were combined to give
the joint locations relative to the laboratory fixed refer-
ence frame. The joint locations were then transformed
into a reference frame with its centre located at the cen-
tre of mass of the object. The object’s position was then
determined from the locations of the fingertips grasping
the object relative to their location at the start of the
movement, based on the assumption that the fingertips
did not change position relative to the object. The po-
sition and orientation of the object were then described
using Procrustes analysis (implemented using the Statis-
tics toolkit in Matlab), which finds the best linear trans-
formation of the fingers from the initial to the current
position.

In order to calculate the endpoint inertia (equation 4),
the model requires the geometry of the hand (lengths and
diameter of segments), and joint angles for a given pose.
These were obtained as described above. The geometry
of each link was used to calculate the generalised iner-
tia matrix (equation 7). For a given hand orientation,
the Jacobians could be calculated (they are a function
of joint angles and segment lengths), allowing a calcu-
lation of the endpoint mobility for each finger using the
equations shown above in Section 2.

In order to calculate the grasp inertia (equation 3),
the model must calculate the Grasp Map which requires
a transformation to the object frame. The position of
the object was calculated as described above.

Both the endpoint and whole grasp inertia/mobility is
represented as a 6x6 matrix. The upper left quadrant re-
lates translation force to translational acceleration, and
the lower right quadrant relates rotational force to rota-
tional acceleration.

Each of these can be used to plot an ellipsoid, which
provides a convenient visual representation showing
magnitude and orientation of the different aspects of the
inertia/mobility. The ellipsoid represents the locus of

(a) Cup lift from side.

(c) Unscrew jar.

Figure 2: Grasping tasks.



Figure 3: Lifting a cup from the top - translational end-
point inertia ellipsoids. The axis units are (mm) for the
hand, and (N.s?/mm ) for the inertia ellipsoids. The
thumb inertia was scaled by a factor of 0.1, and the other
fingers by a factor of 0.5.

the force vector that would result from a unit accelera-
tion rotated in all possible directions. The principal axes
of the ellipsoid are given by the eigenvectors of the iner-
tia/mobility matrix, and their magnitudes are given by
the eigenvalues. This technique has been used by many
researchers for biomechanics studies to visualise stiffness
as well as other properties [Mussa-Ivaldi et al., 1985],
[Flash and Mussa-Ivaldi, 1990], [Tsuji et al., 1995], [Tee
et al., 2004].

3.2 Results and discussion

The endpoint inertia ellipsoids are shown superimposed
on a wireframe of the hand, at four viewpoints for the
second task, lifting the cup from the top. Following this,
the grasp/object inertia ellipsoids are shown for the three
tasks, for both translational and rotational inertia.

On visual inspection, the orientation and magnitude
of endpoint ellipsoids is as expected, with the principal
inertia component for each finger approximately parallel
to the final segment, and oriented in the plane formed
by the finger segments, as was found for the whole arm
[Tsuji et al., 1995]. However, practical experiments are
required to verify the validity of the model. We are cur-
rently conducting such experiments.

The thumb inertia was significantly larger than that
of the other four fingers. This may be a result of the
different geometry, and contribute to its ability to oppose
the other fingers and balance the grasp, beyond simply
being oriented opposite them.

The predicted magnitude of the endpoint inertia is
a significant component of the impedance, when com-
pared to stiffness values calculated in the experimental
work reported in the literature. This becomes important
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Figure 4: Lifting a cup from the top - translational end-
point inertia ellipsoids - orthogonal viewpoints. The axis
units are (mm) for the hand, and (N.s?/mm ) for the in-
ertia ellipsoids. The thumb inertia was scaled by a factor
of 0.1, and the other fingers by a factor of 0.5.



with significant acceleration (not for static conditions).
Friedman [2005] found that “fingertip stiffness matrices
have diagonal elements ranging from approximately 50
N/m to 1000 N/m”, which were of similar range to the
values reported in [Kao et al., 1997] and [Milner and
Franklin, 1998]. The principal component of fingertip
endpoint inertia predicted by the geometric model was
typically in the range of 20 to 120 N.s?/mm for index to
pinkie fingers, and approximately 1000 N.s?/mm for the
thumb.

For the index to pinkie fingers, the predicted mag-
nitude of inertia may be two orders of magnitude less
than the experimentally measured stiffness (depending
on orientation and direction of displacement). There-
fore, for a 10mm displacement of the finger (in the di-
rection of maximum stiffness), an acceleration of 1000
mm/s? would be required to produce an equivalent op-
posing force, or ‘effective mass’. This is only 1/10%"
the acceleration due to gravity. The significance of the
predicted inertia confirms that it is important to con-
sider it when experimentally measuring the finger/grasp
impedance terms stiffness and viscosity.

The results suggest that the grasp inertia is task de-
pendent, as shown for stiffness [Friedman and Flash,
2005). For the task of lifting the cup from the side, it
is most inert for horizontal motion along the direction
collinear with the fingers. The grasp is most inert for
rotation about an axis parallel to table surface. For the
task of lifting the cup from the top, the grasp is most
inert for rotation about the axis perpendicular to the
table surface, and for vertical translation. For the case
of unscrewing the jar lid, there was a similar hand con-
figuration as to lifting the cup from the top. This is
reflected in the similar inertial characteristics. However,
the translational inertia is wider, which is likely to be a
result of spreading the fingers around the lid.

The inertial characteristics of the grasp appear to be a
secondary result of the hand configuration necessary to
perform the required task, rather than a characteristic
that aids the task. However, the strong task dependence
demonstrated is interesting, and requires further inves-
tigation.

The magnitude of grasp/object inertia is significant
when compared to stiffness experiments. The maximum
grasp inertia is typically in the order of 10 Ns? /mm com-
pared to values in the range of 200 to 800 N/m [Friedman
and Flash, 2005]. Therefore, the grasp inertia may have
a significant impact on the grasp impedance magnitude
and orientation.

4 Conclusions

Inertia has not been considered in past studies of hand
impedance. However, it may be important for grasp-
ing, and for calculating the other impedance terms in

(b) Rotational (mN.mm.s? )

Figure 5: Lifting a cup from the side - grasp inertia.
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Figure 6: Lifting a cup from the top - grasp inertia. Figure 7: Unscrewing a jar - grasp inertia.



studies on human grasping. This work in progress is a
first step. A geometric model has been developed. It
is able to provide valuable information for studying hu-
man grasping. Preliminary results analysing the iner-
tia of the hand/object grasp for several tasks have been
carried out. They show that the inertia is a significant
component of impedance, and should therefore be con-
sidered in impedance studies, for more accurate stiffness
and viscosity measurements/calculations. In addition,
this study has shown that the inertia is characteristic of
the task.

This is a preliminary experiment to demonstrate the
usefulness of the geometric model. Further more in
depth inertia prediction experiments will be carried out
to determine if the grasp inertia characteristics are con-
trolled. In addition the model is currently being tested
with finger inertia experiments.
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