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Chapter 7

A simple model of the hand for object
exploration

Abstract

When handmotions in haptic exploration are investigated, themeasurementmethods used
might actually restrict the movements or the perception. �e perception can be reduced
because the skin is covered, e.g., with a data glove. Also, the range of possible motions can
be limited, e.g., by wired sensors. Here, a model of the hand is proposed that is calculated
from data obtained from a small number of sensors. �e inside of the hand is not covered
by sensors or tape, leaving the skin free for cutaneous perception. Six sensors that measure
positions and orientations are placed on the hand, 5 on the �ngernails and one on the
back of the hand. �e hand is then modelled as 16 rigid segments, with a hand palm
and 5 individual �ngers with 3 phalanges each. �is model can be used for movement
analysis in object exploration and contact point analysis. �e calculations, assumptions
and limitations are discussed.

Vonne van Polanen, Wouter M. Bergmann Tiest, & Astrid M.L. Kappers, under review
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7.1 Introduction

Haptic perception is inherently an active process. While perception is important for
performing an action, action also generates perceptual input. For the haptic modal-
ity, this consists of kinaesthetic inputs from joint sensors, muscle spindles etc., but also
cutaneous information bene�ts from the movement of an object against the skin. For
instance, the object compresses the skin or rubs against it and this activates di�erent
sensors in the skin or in di�erent ways compared to a static touch of the object. �e
hands are generally used to examine an object by touch.�erefore, it is of interest to see
how the hand moves and how it manipulates the objects to perceive their properties.
Despite its importance for the haptic sense, the investigations of exploratory move-

ments in haptic perception are scarce. An important study by Lederman and Klatzky
(1987) de�ned exploratory procedures (EPs) that are optimal for the extraction of cer-
tain object properties. �ey de�ne an EP as a “stereotyped movement pattern having
certain characteristics that are invariant and others that are highly typical” (Lederman
& Klatzky, 1987, p. 344). For instance, global shape can be perceived by the enclosure
of an object and pressing an object is used for determining its hardness. �ese EPs
were classi�ed using video analysis where observers judge which EP is performed.�is
method has been used in the research of haptic exploration in healthy and blind individ-
uals, as well as children (e.g. Klatzky et al., 1989; Withagen, Kappers, Vervloed, Knoors,
& Verhoeven, 2013).
Disadvantages of this procedure are that it is very time consuming and also sub-

jective, because the judgement of the observer will depend on his or her interpretation
of the exploratory procedure. Recently, a study was performed to quantify these EPs
by tracking the hand of the exploring participant (Jansen, Bergmann Tiest, & Kappers,
2013).�e participant discriminated objects in a 2D-setup, i.e., the objects were �at and
placed on a display. A set of variables was used to classify the movement the participant
made.�e classi�cationwas quite good formaterial properties such as texture and hard-
ness and a bit less good for shape information. In that study, only the index �nger and
the back of the hand were tracked. �is might be enough for studying the exploration
of large objects, where the hand is used as a whole. In the exploration of smaller objects,
where the objects can be handled between several �ngers or with multiple small objects
in the hand, information of the movements of all �ngers is important.
To measure the movements of all parts of the hand, the hand can be tracked by Data

Glove-like systems (e.g., the CyberGlove and HumanGlove). In these systems, the ob-
server wears a glove with sensorsmounted inside. A review of these glove based systems
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can be found in Dipietro, Sabatini, and Dario (2008).�e observer manipulates objects
with the glove and because the sensors in the glovemonitor themovements or positions
of the hand, the exploration strategies can be studied. In perception research, besides
the kind of movements that are made during exploration, it is also of interest which
parts of the hand are used to extract the appropriate information. Some of these gloves
measure the pressure an object exerts against the skin. �e combination of pressure
and position information would make a glove-based system ideal to investigate both
exploratory procedures and hand contact information. However, an important limita-
tion is that the glove reduces the cutaneous information, because it covers the skin. In
addition, it might restrict the motions of participants.
An alternative to a glove would be to track the positions of the hand, where sen-

sors are placed on the back of the hand. Since the palmar side of the hand is mostly
used for extracting object properties, this leaves the skin free to explore. Such methods
have been used in studies that analysed grasping and �nger movements (e.g. Braido &
Zhang, 2004; Zhang, Lee, & Braido, 2003). �ey used re�ective, passive markers that
are captured by a camera. Using such a set of markers, a detailed model of the hand can
be made (Gustus, Stillfried, Visser, Jörntell, & Van der Smagt, 2012).
However, there are also disadvantages in these approaches. In more complex ex-

ploration motions, the markers might su�er from occlusion. If a marker is not in view
of the camera, it cannot be tracked. Markers that do not su�er from occlusion, like
magnetically instead of optically tracked sensors, might still limit hand motions due to
the number of wires that are needed for these sensors. Moreover, the large number of
markers require a detailed calibration and a lot of computations. In passive sensors,
the sensors might also be confused with each other, especially if many are used and are
placed close together. For these reasons, a smaller number of sensors might be desir-
able. A balance must be sought between a small number of sensors and the amount of
hand position information. With fewer sensors, the positions of the hand that are not
measured, must be captured by a model.

�is paper presents a way to model the hand, where the position of all �ngers and
the hand palm is modelled from just 6 sensors with 6 degrees of freedom (DOF).�is
small number of sensors poses few restrictions on the possible motions of the hand.
In addition, the sensors are placed on the dorsal side of the hand, leaving the skin of
the palmar side free to touch the object(s). In short, the hand model is calculated from
positions of the �ngertips and the hand palm. First, the joint positions are calculated
for the �ngers. Next, the phalanges are modelled as a series of connected rigid bodies.
�e hand palm is modelled as one rigid body.
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�e model is not aimed to represent an actual hand, because a realistic hand is also
very complex. �e hand consists of 27 bones (including the wrist) and thus has many
degrees of freedom. �is is di�cult to model with a few sensors and not necessary for
most global movement descriptions.�erefore, the hand is simpli�ed to fewer segments
in the model. Furthermore, the model does not aim to serve as input for the control of
robotic or arti�cial hands, although it might be used to extend the research needed to
improve this challenging task (see also Liu, 2011). Instead, the model as presented in
this paper can be used as a tool to analyse the exploration and in-hand manipulation of
objects. It is purposed to represent a hand that holds one or more objects andmoves the
�ngers to explore and manipulate the object(s) in the hand. �e model can be used to
analyse contact points, but also the movements made by the individual hand parts.�is
paper describes the calculation of the model and some possible applications.

7.2 Model of the hand

�emodelled hand consists of a series of rigid bodies: three for each �nger, correspond-
ing to the di�erent phalanges and one for the hand palm (see Figure 7.1 for an exam-
ple). From �ngertip to hand, the phalanges of the �nger are called the distal, middle
and proximal phalanx.�e joints between the phalanges are called the distal interpha-
langeal joint, proximal interphalangeal joint and metacarpophalangeal joint (knuckle
joint).�e distal joint is the joint between the distal and middle phalanx, the proximal
joint is the joint between the middle and proximal phalanx and the knuckle joint is the
joint between the proximal phalanx and the hand palm.�e thumb is modelled similar
to the �ngers, with 3 phalanges.�e knuckle position of the thumb is then located more
proximal in the hand, near the wrist.

In reality, the hand palm consists of a number of metacarpals. Here, the hand palm
is modelled as a single rigid body. However, if the hand grasps one or more (small)
objects, the hand palm forms a sort of bowl form. To be able to represent this bowl
form, some rotations are applied to the hand palm and the �ngers (see below). As a
result, the proximal phalanges of the �ngers form a bowl, where the proximal phalanx
of the thumb lies on top of the hand palm.

To construct the model, 5 sensors are placed on the �nger nails and one on the back
of the hand. Next, the segments for the �ngertips (distal phalanges) and the hand palm
can be calculated from the sensor positions and orientations. For the other phalanges,
�rst the joint positions need to be calculated. In the following sections, the data acquisi-
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distal
phalanx

middle
phalanx
proximal
phalanx

distal joint

proximal
joint

knuckle
joint

Figure 7.1: An example of the hand model, the phalanges and joints are indicated.�e joints
were located in the �ngers, but are drawn on top for illustration purposes.

tion and calibrations that are necessary will be described. A�er that, the calculations of
the joint positions and the construction of the segments will be explained step by step.

7.2.1 Sensors

�e sensors that are used tomeasure the hand positions need to have 6DOF.�is means
that besides x, y, and z coordinates also the rotations (azimuth, elevation and roll) of
the sensors are necessary. �is is needed because not only the position of a sensor, but
also its orientation in space must be known. Instead of 6 DOF sensors, also multiple
(small) sensors in a grid might be used.
Sensors are placed on the nail of each �nger, including the thumb. Another sensor

is placed on the back of the hand, approximately in the middle in line with the knuckle
of the middle �nger (see Figure 7.2).�e centre of the �nger sensors and their measured
position is placed ∼ 5mm from the �ngertip.�e sensors are attached with double sided
tape. To further keep the sensors in place, tape is also placed over the sensors and over
the wires on the second phalanx (not shown in Figure 7.2).�e inside of the �nger is le�
free of tape, so the perceptual capabilities of the skin are not reduced.

7.2.2 Calibration

To be able to model the hand, some constant dimensions of the hand need to be deter-
mined. An overview can be found in Table 7.1. To easily capture the �nger lengths, a

125



7777777

Findings in haptic (re)search

Figure 7.2: Picture of the hand with the sensors on the calibration grid.�e joint positions
are marked (black dots). �e coordinate system drawn (white) is with respect to the hand,
aligned with the hand sensor and the knuckle of the middle �nger.

picture is taken of the hand that is placed on a grid, as shown in Figure 7.2. �e joint
positions are marked on the observer’s hand. �e advantage is that the lengths of the
�ngers and joint positions can be calculated a�er the measurement, which reduces the
time spent by the observer.�e visible x and y grid coordinates of the photo are �tted to
the known real-world coordinates of the grid with a 3rd order polynomial. In this way,
the locations in the photo can be mapped to real-world coordinates. �is mapping is
then used to determine the coordinates of the marked joints in the photo. From these
joint coordinates the lengths of the �nger segments are calculated.�e width of the �n-
ger phalanges are also measured. For the thumb, the width of the proximal phalanx was
chosen to be the same as themiddle phalanx, as this could not bemeasured in the photo.
So, there were three lengths and widths for each �nger. In addition, the positions of the
knuckles with respect to the sensor on the back on the hand are measured as well. For
this, the knuckle of the middle �nger and the hand sensor are aligned, so the y-distance
of the hand sensor to the middle �nger knuckle is 0.

Besides the �nger lengths and widths, the thickness of the �ngertips and of the hand
need to be estimated. �erefore, a sensor is placed on a �at surface. �e observer is
asked to place each �nger sequentially on the sensor.�e z-distance between the sensor
on the nail and the sensor on the surface is taken as the �nger or hand thickness. �e
�nger distance was assumed not to be constant, but 1.5 times the measured thickness
around the proximal joint and equal to the hand thickness around the knuckle joint.

In addition, in this calibration the initial roll rotation of each sensor is measured.
�erefore, the observer is asked to put his or her �nger horizontally on the sensor, with
the nail straight. �is roll rotation was subtracted from the one measured in further
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Table 7.1: Overview of constant variables

hand part variable meaning source
�nger phalanges w the width of the �nger phalanx hand photo

l length of the phalanx hand photo
t f 1 thickness of the �nger calibration
roll rotation initial roll of the distal phalanx only calibration

�nger knuckle ∆x x distance hand sensor to knuckle hand photo
∆y y distance hand sensor to knuckle hand photo

hand th thickness of the hand calibration
roll rotation initial roll of the hand calibration

1 proximal joint: 1.5 times as measured in calibration

1

2

3

4

5

6

7

8

width

length
thickness

xy

z

Figure 7.3: Illustration of the phalanx of the �nger. As an example the distal phalanx is pic-
tured, with a grey nail to indicate the orientation. �e sensor is placed on the nail, with the
black circle to indicate the sensor position. �e other phalanges connect to each other; so
plane 3478 connects to plane 1256 of the more proximal phalanx.�e black square represents
the distal joint position.

analysis, to correct for the initial roll rotation of how the sensor was taped to the �nger
and hand. From hereon, there will be referred to rc as the corrected roll rotation.�ere
is no need to correct for azimuth or elevation, because the sensor is placed in line with
the �nger on a �at surface (i.e., the nail or back of the hand).

7.2.3 Calculation of a point from a sensor

From the measurement of a certain sensor, not only the position, but also the orienta-
tion of the sensor is known. Hence, other points on the same rigid body can be easily
calculated. �e position of a point on the same segment as a sensor was calculated by
transferring the relative position of the point with the rotations measured by the sensor.
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For example, to calculate the position of the distal joint from the sensor on the �nger
nail, the sensor coordinates need to be transferred a certain distance along the axis of
the sensor. In Figure 7.3, a distal �nger phalanx is illustrated. Here, the coordinate sys-
tem with respect to the sensor has its x-axis running along the sensor from proximal to
distal, the y-axis from right to le� (ulnar to radial) and the z-axis from below to above
the sensor (palmar to dorsal).�e position of the distal joint is positioned in the middle
of plane 3478 as a black square.�is means that from the position of the sensor, the co-
ordinates need to be transferred ‘back’ a distance equal to the length of the �nger minus
5 mm (the sensor was placed ∼ 5 mm from the �ngertip) and ‘down’ half the thickness
of the �nger. So, with respect to the sensor, the distal joint is positioned at the coordi-
nates (−l + 5, 0,− 12 tf ). �e length l and the thickness t f of the �nger are known from
the calibrations. Next, a rotation transformation is applied to these coordinates, where
is accounted for the measured azimuth, elevation and roll of the sensor. Here, the ini-
tial calibrated roll rotation is subtracted from the measured roll. Lastly, the coordinates
of the sensor are added to the result to obtain the coordinates of the distal joint in the
original coordinate system. In short, the position of the distal joint is equal to:

R ∗ (−l + 5, 0,− 1
2
tf ) + (sx , sy , sz) (7.1)

where (sx , sy , sz) are the coordinates of the sensor and R is a rotation matrix, calculated
from the measured angles a (azimuth, around the z-axis), e (elevation, around the y-
axis) and rc (roll, around the x-axis, corrected for the initial roll) of the sensor:

R =
⎡⎢⎢⎢⎢⎢⎢⎣

cos(a) cos(e) − cos(rc) sin(a) + cos(a) sin(e) sin(rc) cos(a) cos(rc) sin(e) + sin(a) sin(rc)
cos(e) sin(a) cos(a) cos(rc) + sin(a) sin(e) sin(rc) cos(rc) sin(a) sin(e) − cos(a) sin(rc)
− sin(e) cos(e) sin(rc) cos(e) cos(rc)

⎤⎥⎥⎥⎥⎥⎥⎦
(7.2)

Other positions on the same rigid segment as the sensor can be calculated in a
similar way.
As mentioned above, because the hand segment was modelled as a straight, �at

block, this does not the re�ect the bowl form the hand makes when exploring objects
in the hand.�is also a�ects the calculation of the positions of the knuckles, which are
calculated from the hand sensor (see below). To compensate for this, the hand sensor is
extra roll rotated 40○ (counterclockwise around the x-axis).�e �ngers knuckles are cal-
culated from the hand sensor with an extra roll rotation in steps of 15○: 0, 15, 30, 45, and
60○, from thumb to little �nger, respectively.�is means that for every transformation
of the hand sensor position, not only is corrected for the initial roll rotation, but also the
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extra roll rotation is used. Pilot measurements veri�ed that these rotations resembled
the actual positions of the �ngers and knuckles better than without these rotations.

7.2.4 Joint positions

A simple illustration of a �nger is shown in Figure 7.4. To be able to construct the
segments for each phalanx, �rst the joint positions of the �ngers are calculated. Each
�nger (including the thumb) has three joints, the distal, the proximal and the knuckle
joint. �e position of the distal joint can be calculated from the position of the sensor
on the nail and the length and thickness of the �nger (as measured from the photo and
the calibration).�e distal joint is positioned inside the �nger, at half the thickness and
width of the �nger (point B in Figure 7.4).�e knuckle position (A) can be determined
from the sensor on the back of the hand and the distances to the knuckle as measured
from the hand photo and the extra roll rotation as described above. �e knuckle is
placed at a depth half of the hand thickness inside the hand. So, A, B and D can be
calculated as follows:

A = Rh ∗ (∆x , ∆y,− 1
2
th) + (sh ,x , sh ,y , sh ,z) (7.3a)

B = Rf ∗ (−l + 5, 0,− 1
2
t f ) + (s f ,x , s f ,y , s f ,z) (7.3b)

D = Rf ∗ (0, 0,− 1
2
t f ) + (s f ,x , s f ,y , s f ,z) (7.3c)

where Rh and Rf are the rotation matrices for the hand sensor (with extra roll rota-
tion) and the �nger nail sensor, ∆x and ∆y are the distances from the knuckle to the
hand sensor and (sh ,x , sh ,y , sh ,z) and (s f ,x , s f ,y , s f ,z) are the hand and �nger nail sensor
positions, respectively.

To calculate the position of C, a triangle was assumed between the positions of the
three �nger joints, as illustrated in Figure 7.4. �e points A, B, C and D were assumed
to lie in a single plane.�is seems a valid assumption, since the �nger can only �ex and
extend around the distal and proximal joint and not bend sideways. In Figure 7.4, the
positions of A, B and D are known. �e lengths a and b are known as the lengths of
the �nger phalanges that were measured in the hand photo.�e vectors c⃗ and d⃗ can be
calculated by subtracting B from A, and B from D, respectively. γ can be determined by
the cosine rule:

c2 = a2 + b2 − 2ab cos(γ) (7.4)
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A

C

b
a

B

D

c
Hand

γ

dφ

z

x

Figure 7.4: Side view of the �nger and the joints. A, C and B represent the knuckle, proximal
and distal joints, respectively. D is the position in the �nger underneath the nail sensor. a⃗,
b⃗, c⃗ and d⃗ are the vectors between the joints and γ and ϕ the angles between the vectors that
are used to calculate the proximal joint (C).�e nail is coloured grey.

Next, to calculate C, the following equalities must be satis�ed:

det([a⃗, b⃗, d⃗]) = 0 (7.5a)

a⃗ ⋅ b⃗ = ab cos(γ) (7.5b)
√
ax 2 + ay 2 + az 2 = a (7.5c)

√
bx 2 + by

2 + bz 2 = b (7.5d)

�e �rst equality follows from the assumption that the vectors between the points A,
B, C and D lie in a single plane. �e other equalities are common vector rules. �ese
equalities will leave two solutions, where C can lie ‘above’ (as shown in Figure 7.4) or
‘below’ c⃗. Of these two solutions, the one is chosen with the largest angle between the
distal and middle joint, ϕ. �is criterion is chosen because the distal �nger phalanx
cannot bend to very small angles. ϕ is de�ned from the following equality:

d⃗ ⋅ −a⃗ = da cos ϕ (7.6)

In some occasions, the triangle might not be closed. �is is because with the bending
and stretching of the �ngers, the lengths between the joints do not remain constant in
reality. In cases were no solution can be found because c is longer than a + b, the �nger
is assumed to be fully stretched. In these cases, C is calculated as the adjusted mean of
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A and B, positioning it on c⃗ but adjusted to the ratio of the lengths a and b:

C = B + a
a + b

c⃗ (7.7)

Sometimes, the triangle cannot be closed, because c is smaller than b − a, which can
happen with a fully bended �nger. Here, C is positioned on c⃗, and extended with a:

C = B − a
c
c⃗ (7.8)

Note that the direction of c⃗ is from B to A.

7.2.5 Distal (1st) phalanx

�e �rst phalanx is calculated as a block around the coordinates of the sensor. Consider
the phalanxmodel in Figure 7.3. Here, the sensor position is illustrated as the black circle
on the nail. Because the orientation of the sensor is known, the positions of the vertices
of the phalanx block can be calculated.�is happens in a similar way as the calculation
of the distal joint, as described earlier. �e width w and length l were measured from
the hand photo, the thickness t f was measured in the calibration. �e coordinates of
the eight vertices of the distal phalanx segment are calculated as follows, where Rf is the
rotation matrix and (s f ,x , s f ,y , s f ,z) are the coordinates of the �nger sensor:

Rf ∗

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

5 − 12w 0
5 1

2w 0
−l + 5 1

2w 0
−l + 5 − 12w 0
5 − 12w −t f
5 1

2w −t f
−l + 5 1

2w −t f
−l + 5 − 12w −t f

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

+ (s f ,x , s f ,y , s f ,z) (7.9)

7.2.6 Middle (2nd) phalanx

�e middle phalanx had no sensor on it, so the positions cannot be calculated with
a rotation matrix, because the orientation of the phalanx was unknown. Because the
phalanges are connected, the vertices 1, 2, 5, and 6 of the middle phalanx are the same
as the vertices 4, 3, 8 and 7 of the distal phalanx (see Figure 7.3). �e other vertices 3,
4, 7 and 8 of the proximal phalanx are calculated by summing vectors to the proximal
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1

2

3

4

5

6

7

8

dist. joint

prox. joint

9

d1

d2

11

10

Figure 7.5: Illustration of the calculation of vertices 3, 4, 7 and 8 around the proximal joint.
In the �gure, the proximal phalanx is shown with the proximal (prox. joint) and the distal
(dist. joint) joints. See text for further explanation.

joint as shown in Figure 7.5.�e points d1 and d2 can be calculated from the nail sensor
in a similar way as the distal phalanx vertices. From the cross product of the vectors
from the proximal joint to these points, a vector from the proximal joint to position 9
can be obtained (9⃗). Next, the cross product of vector 9⃗ and the vector between the two
joints gives the vectors perpendicular to vector 9⃗: 1⃗0 and 1⃗1. �e length of the vectors
are adjusted to the thickness and width of the �nger. By summation of these vectors to
the proximal joint, vertices 3, 4, 7, and 8 can be calculated:

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

j⃗p + 1⃗0 − 9⃗
j⃗p + 1⃗1 − 9⃗
j⃗p + 1⃗0 + 9⃗
j⃗p + 1⃗1 + 9⃗

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(7.10)

where j⃗p are the coordinates of the proximal joint. Note that the thickness of the �nger
that is used in this plane is assumed to be 1.5 times the distal �nger thickness.�is means
that the length of vector 9⃗ is 0.75 times the calibrated �nger thickness.�e lengths of the
vectors 1⃗0 and 1⃗1 are equal to half the width of the middle �nger phalanx, as measured
from the hand photo.

7.2.7 Proximal (3rd) phalanx

�e vertices 1, 2, 5 and 6 of the proximal phalanx are the same as the vertices 4, 3, 8,
and 7 of the middle phalanx.�e other vertices are calculated around the knuckle joint,
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using the sensor on the hand as reference point.�e calculations are similar as those for
the determination of the knuckle joint.�e coordinates for vertices 3, 4, 7, and 8 can be
calculated as follows:

Rh ∗

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

∆x ∆y + 1
2w 0

∆x ∆y − 1
2w 0

∆x ∆y + 1
2w −th

∆x ∆y − 1
2w −th

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

+ (sh ,x , sh ,y , sh ,z) (7.11)

where ∆x and ∆y are the x and y distances from the hand sensor to the knuckle. Note
that these distances can also be negative, depending on the �nger position. Furthermore,
w is the proximal phalanx width, th is the thickness of the hand and (sh ,x , sh ,y , sh ,z) are
the hand sensor coordinates. �e rotation matrix Rh includes the shi�ed roll rotations
for each �nger (0, 15, 30, 45 or 60○), to resemble the bowl form of the hand.

7.2.8 Hand

�e hand part is a rigid body with eight vertices. �e dorsal vertices are located at the
dorsal positions above the little �nger, index �nger and thumb knuckle. �e fourth
dorsal vertex is the position on the ulnar side, at the same x distance as the thumb
knuckle and y distance of the little �nger.�e palmar vertices were similar to the dorsal
ones, but shi�ed by the thickness of the hand, as measured in the calibration. �e
coordinates are:

Rh ∗

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

∆x5 ∆y5 0
∆x2 ∆y2 0
∆x1 ∆y1 0
∆x1 ∆y5 0
∆x5 ∆y5 −th
∆x2 ∆y2 −th
∆x1 ∆y1 −th
∆x1 ∆y5 −th

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

+ (sh ,x , sh ,y , sh ,z) (7.12)

where ∆x and ∆y are the x and y distances from the hand sensor to the thumb (1),
index �nger (2) and little �nger (5), th is the hand thickness and (sh ,x , sh ,y , sh ,z) are the
hand sensor coordinates.�e rotation matrix Rh includes the extra roll rotation of 40○.
�erefore, the positions of the hand vertices will not be the same as the knuckle joint
positions, since other roll rotations are used in those calculations.
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7.2.9 Model examples

To give an idea of how the model resembles the hand, a hand is shown in various posi-
tions with the resulting model next to it in Figure 7.6.�e hand is shown in an open and
closed position and while holding di�erent objects.�e model resembles the real hand
postures quite well. �e position where the hand rests �at on the table is perhaps a bit
less well represented, as the �ngers seem to be more bended in the model. However, the
model is formed to represent a hand that holds an object, so this might be expected.

7.3 Application examples

�e model can be used for movement analysis.�e sensors give, for example, the speed
of the �ngertips or their travelled distance. However, the model also o�ers extra param-
eters that can be considered. For instance, the angles of the various phalanges can be
calculated from the joint positions. �e angles re�ect how much the �nger is bent or
stretched.�is allows investigation of the closing and opening of the hand.
Another application of the model is an analysis of contact points with an object. In

the following section, amathematical procedure for determining which part of the hand
comes in contact with a spherical object is explained in more detail.

7.3.1 Analysis of object contact

�e hand model consists of di�erent hand parts. In this analysis is calculated which
parts of the hand come into contact with (‘touch’) a speci�c object during exploration.
Here, the position of the object must be tracked as well. For instance, a sensor might be
placed inside or on the object.�e model can then be used to determine the location of
all parts of the hand with respect to the sensor. In this example, for each phalanx and
for the hand palm is determined whether an object contacts it. �e object is a sphere
with a known radius and the position of the centre of the sphere is known.
To determine where the target touches the hand during the exploration, the distance

from the object to the 6 planes of each segment (�ve distal phalanges, �ve middle pha-
langes, �ve proximal phalanges and the hand palm) is calculated. If one or more of the
planes of a segment are touched, this is counted as a contact with this segment. An
example situation of a plane and the spherical object is shown in Figure 7.7.
A plane of a segment can be represented with the equation k1x + k2 y + k3z + k4 = 0.

For coordinates (x , y, z) that lie in this plane, the equation holds. �e constants k1, k2
and k3 can be determined by calculating the cross product between two vectors that lie
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Figure 7.6: Examples of the hand model in various positions. From top to bottom: hand
�at on the table, closed �st, holding sphere with thumb and index �nger, holding cylinder
in hand, holding cylinder between �ngers. In the middle picture, the spherical object is also
shown in the model.
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Figure 7.7: An example of the calculation of the distance from a target to a plane.�e centre
of the sphere is point p⃗s , which projects on the plane at point p⃗p . �e vertices on the plane
are labeled ⃗v1. . .4 .

in the plane. For instance, (v⃗1 − v⃗2) × (v⃗4 − v⃗1) in Figure 7.7 gives (k1 , k2 , k3). Next, k4
is calculated by solving the equation with a point that is known to be in the plane. For
such a point, one of the vertices can be taken.�e distance S from a point (x , y, z) to a
plane can be found with the following equation:

S = ∣k1x + k2 y + k3z + k4∣√
k21 + k22 + k23

(7.13)

If the point is the centre of the sphere (sphere sensor position, p⃗s) and S is smaller or
equal to the radius of the sphere, the sphere touches the plane. However, the equation
holds for an in�nitely large plane.�us, it must also be determined whether p⃗s is close
enough to the actual plane of the segment. S is equal to the length of a vector that is
perpendicular to the plane and runs from the plane to the point. �is vector is a cross
product of vectors in the plane and can be calculated from vectors on the edges of the
segment plane (the same vector used to calculate k1, k2 and k3 of the plane equation).
Using this vector, the ‘projected’ point (p⃗p) on the plane of p⃗s can be calculated. If p⃗p lies
in the plane of the segment, the sum of the angles between the vectors running from p⃗p

to the vertices must be 360○.�e angle of two vectors can be determined using equation
(7.5b). So, if p⃗p lies in the segment plane, the following equality must hold:

360○ = arccos((v⃗1 − p⃗p) ⋅ (v⃗2 − p⃗p)
∣v⃗1 − p⃗p ∣∣v⃗2 − p⃗p ∣ ) + arccos((v⃗2 − p⃗p) ⋅ (v⃗3 − p⃗p)

∣v⃗2 − p⃗p ∣∣v⃗3 − p⃗p ∣ )+

arccos((v⃗3 − p⃗p) ⋅ (v⃗4 − p⃗p)
∣v⃗3 − p⃗p ∣∣v⃗4 − p⃗p ∣ ) + arccos((v⃗4 − p⃗p) ⋅ (v⃗1 − p⃗p)

∣v⃗4 − p⃗p ∣∣v⃗1 − p⃗p ∣ ) (7.14)

where v⃗1, v⃗2, v⃗3 and v⃗4 are the coordinates of the vertices and p⃗p that of the projected

136



7777777

Model of the hand

point. To summarise, the target only touches a part of the hand if the distance S is equal
to or less than the target radius and equality (7.14) holds.

7.4 Discussion

A simplemodel of the handwas presented that constructs a handwith 16 segments from
just 6 tracked segments.�e model can be used as a tool to investigate the manipulation
of objects by the hand. �e measurement procedure that is presented requires only 6
sensors that are placed on the �ngernails and the back of the hand.�is procedure has
two main advantages. First, the limited number of sensors poses few restrictions on
the range of motion and allows the observer to move his or her hand in a natural way.
Secondly, because the sensors are placed on the dorsal side of the hand, the inside of
the hand is le� free to manipulate and explore the handheld object. In this way, the
cutaneous input is not reduced in any way and �ner object details can be perceived.
Hence, the model is particularly suited for the investigation of the haptic perception
and exploration of objects.
Previous investigations of haptic perception have only analysed a part of the explor-

ing hand, and mostly objects were 2D (Jansen et al., 2013; Overvliet et al., 2007; Smith
et al., 2002; Van Polanen et al., 2012a; Plaisier et al., 2008). However, this would not be
enough to describe the movements where all the �ngers are used to explore a 3D ob-
ject, for instance, in the manipulation of small objects or multiple objects. Examples of
such tasks are search tasks (e.g. Plaisier et al., 2009b; Van Polanen et al., 2012b), nu-
merosity tasks (e.g. Plaisier et al., 2009a) or the discrimination of small objects (e.g.
Kahrimanovic, Bergmann Tiest, & Kappers, 2011). Until now, the research into the ex-
ploration of 3D objects is rarely studied in a quantitative manner.�e use of the model
could facilitate this research. A few suggestions for application of the model have been
proposed. �e object contact analysis is useful to investigate whether in some explo-
rations other parts of the hand are usedmore than others and at whichmoment in time.
Recently, Nataraj and Li (2013) showed a method for deriving index �nger and

thumb kinematics with just a few markers. �eir method for the calculations of the
joint positions from two sensor sets is comparable to the one presented here, although
di�erent constraints are used. �ey showed that from a marker placed on the nail and
on the back of the hand, similar results as with the measurements of more markers
were obtained in a precision grasp task, which gave some validation for the use of
fewer markers.�e current model goes further than theirs by forming 3D phalanges in
addition to the joint positions.
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�e model also has some limitations. First, because there are just a few sensors, a
small deviation (movement or displacement) of a sensor can have a large in�uence on
the calculations.�e placement on the nail, however, prevents sensor movement due to
skin deformation. Moreover, the hand model has only 16 segments. In particular, the
hand palm is modelled as a single rigid body, whereas it consists of multiple parts in
reality. Also the thumb segments are determined in a similar way as the other �ngers,
despite the fact that the thumb has more degrees of freedom than the other �ngers and
its ‘proximal phalanx’ is connected to the hand palm.
Furthermore, themodel does require some calibrations to be able to �t it to the hand

size of the observer. Calibration is o�en a time-consuming process, so we proposed to
measure the lengths and widths of the �ngers from a photograph.�e various measure-
ments can thus be calculated a�er the actual experiment, which reduces the time spent
on calibrating procedures.�e calibration grid adjust distortions due to the perspective
of the photo, but still the lengths depend on the accuracy of the marked positions of the
joints.�e hand is photographed in a stretched position, but with bending and stretch-
ing of the �ngers, the distances between joints vary and this might cause problems with
themodel calculations. At this point, we think it is di�cult to solve this problemwithout
a more extensive calibration process and more measurements of joint positions during
the exploration.
To represent the hand better, the model can be extended, but this will also make it

more complex. Next to amore thorough calibration procedure, themodel can be further
extended withmore sensors on the back of the hand, to better measure the bowl form of
the hand.�e knuckle positions of the thumb and the index �nger might, for example,
be determined from an extra sensor close to the radial side of the hand, whereas the
other knuckles are calculated from an extra sensor on the ulnar side.�is requires that
the hand palm segment consists of multiple parts, or a more complex form. Currently,
in the model, the hand is assumed to hold one our more objects and to be shaped in a
bowl form. In situations were the hand is more stretched, this might induce deviations.
In such a task, the roll rotation corrections might be omitted.
Such improvements can make the hand model more realistic, but also increase the

complexity of the calculations and measurements. For general purposes, the represen-
tation of the model in its current form will be enough. Especially in experiments were
the use of many sensors is undesirable, this model can be used to analyse whole hand
motions even with a small number of sensors.�e measurement with few sensors and
simple calculations will then be a huge advantage.
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