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ABSTRACT

The paper presents an innovative active device capable of moving the fingers and the wrist of
the human hand during fMRI (functional Magnetic Resonance Imaging). The prototype can be
used both for motor learning studies and for stroke analysis. Various possible configurations
were investigated. The first was an active glove. The second was a box in which the subject’s
hand is inserted, and then moved by pneumatic actuators. The authors optimized this
configuration, and also developed an interesting design procedure using data from the
literature, experimental measurements, numerical simulations, and experimental videos. This
configuration moves the wrist in addition to the fingers, a feature which is innovative, useful

and commonly found in devices of this kind.

Keywords: automatic devices for fMRI analysis; automatic machine to move hand during
fMRI analysis; automatic system moving fingers during fMRI analysis

1 INTRODUCTION

fMRI (functional Magnetic Resonance Imaging) is a
biomedical technique that provides information on the brain
activities involved in a particular cognitive process or
motor action by exploiting the effect of an external
magnetic field. To avoid altering the quality of the brain
image and harming the patient, it is essential that only non-
magnetic materials be present in the MRI chamber.
Selecting an appropriate actuation system type and
materials is thus crucial. This imaging technique is
employed to evaluate how the brain metabolism reacts after
performing an action such as speaking, moving a limb,
reading or thinking. The first scientists who studied this
technique [1,2] understood the importance of evaluating
blood oxygenation level in order to capture brain images. In
general, when a human being performs a certain action, a
part of the blood flow circulates within a certain brain area:
in particular, for each action that a human performs, a
different area of the brain is activated.
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This area is supplied with blood so that the action can be
transported to the rest of the body via muscles and nerves.
When blood flow increases, the level of oxygen present in it
also increases proportionally: this variation is recorded by
magnetic resonance imaging thanks to the change in
magnetism of the hemoglobin present in the blood. The use
of technology in rehabilitation is a therapeutic opportunity
for patients who have suffered a serious accident or people
born with particular disabilities. Over the last 15 years, the
use of rehabilitation technology has become much more
common, while the quality of the devices employed has
also increased considerably. A number of studies have
addressed finger movements and mechanisms acting on the
fingers [3,4]. Many devices used to move the fingers during
fMRI imaging feature a glove structure using various kinds
of actuation [5-13], based in particular on inflatable silicone
pneumatic actuators [10,13]. Some devices also provide
wrist movement [8,14,15]. In some systems, the fingers are
actuated by external silicon pneumatic actuators [10] on the
upper side of each finger and secured in a textile structure.

Other devices use a mechanism on the upper side of each
finger to guide the finger movement from this point [16,
17], or employ cable drives [8,11,12]. Some systems were
also designed to measure finger grasping force [15,18-20],
to provide a better understanding of hand movements [21-
27] or to be used both for rehabilitation purposes and for
fMRI analysis [5-7, 22, 28-43]. Actuation is often
pneumatic, as in the cases where inflatable actuators are
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used [10,13]. In an application designed for use in the
patient’s home without supervision by a physiotherapist
[35], the hand is inserted in a box where physiological
finger positions are replicated and forces can be imposed to
perform rehabilitation exercises for flexion and extension
movements of the metacarpophalangeal joint (MP joint)
and the proximal interphalangeal joint (PIP joint) of the
index, middle, ring and little fingers. However, they are not
specific applications for fMRI analysis. In a study
conducted on primates [27] in which fingers were
immobilized using a soft cast, a restriction “of the cortical
areas corresponding to the distal part of the upper limb and
an expansion of the most proximal areas of the arm that
maintain active contact with the environment” was
observed. This study found that when the fingers were
immobilized their function decreased, but wrist and forearm
function increased. These effects were reversed when the
soft casts immobilizing the fingers were removed. The
glove prototype presented in [5] was worn by a healthy
human subject lying supine on the fMRI analysis table.
During this test, the MRC-Glove was activated five times in
30-second blocks. During fMRI analysis carried out while
moving the fingers of the human hand, a possible cycle
time can be 3s for finger flexion and 3s for finger
extension. This procedure is performed for a continuous
period of 30s followed by a 21s rest [6]. This study was
carried out at a supply pressure of 2 bar, analyzing the
movements of all fingers except the thumb. Wrist
movements were not analyzed. The pneumatic actuators
whereby finger joints can be bent were operated non-
simultaneously. In previous work, the present authors
designed and constructed a prototype to move a subject’s
foot or feet during fMRI analysis [43,44]. The results
obtained were good and demonstrated the prototype’s
reliability.

This article presents a study useful for the design of an
innovative active device able to work in a magnetic
resonance chamber during fMRI analysis, moving the
subject's finger/fingers or his wrist according to
physiological and non-physiological trajectories, so that the
brain areas activated during this movement can be studied.
The information thus obtained can be used to identify
possible ways of recovering hand motor functions in
patients with brain injuries so that they can engage in daily
activities that would otherwise be impossible. The wrist
motion for these analyses, both on healthy people and on
patients, has been considered by our clinicians useful for
the purposes of the analysis itself and constitutes an
originality of the machine compared to the most frequent
layouts of them. The non-glove structure of the machine
was also judged to be more versatile. It also allows not only
the imposition of certain trajectories to the fingers, but also
to impose non-physiological trajectories, useful for motor
learning studies.This machine can be useful in general: for
motor learning studies; for rehabilitation training settings
especially related to brain recovery; for fMRI analysis
useful for preliminary evaluations for neurological surgical
interventions.
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2 PRESENTATION OF THE PROTOTYPE

The device must be designed to ensure that, during tests in
the magnetic resonance chamber, the hand performs passive
movements, i.e., thanks to the application of an external
force, without actively contracting the muscles.
Specifically, the subject’s left hand must perform the
following movements: complete flexion and extension of
each finger individually while keeping the remaining
fingers extended; complete and simultaneous flexion and
extension of the index, middle, ring and little fingers;
complete flexion and extension of the wrist. The term
flexion refers to that movement of the body that decreases
the angle between the structures or joints involved, bringing
them further together. Extension is the opposite movement,
in which the angle increases and the structures or joints
move away from each other. Flexion of the fingers thus
consists of bending the phalanges towards the palm of the
hand, while extension consists of straightening the fingers.
Wrist flexion occurs when the wrist is bent towards the
palm of the hand, while wrist extension occurs when the
wrist is bent upwards. Given the particular nature of the
application environment, selecting appropriate materials is
of fundamental importance to guarantee correct device
operation and patient safety, as no ferromagnetic materials
can be introduced in the magnetic resonance (MR)
chamber. The first stage of this study consisted of designing
gloves where the fingers and the wrist were moved using
silicon pneumatic actuators constructed in the laboratory.
Details of the first glove protype with silicon pneumatic
actuators located atop each finger are shown in Figure 1.

Figure 1 First prototype of an active glove controlled by
means of silicon pneumatic actuators.

With this design, the correct physiological trajectory of the
fingers cannot be readily controlled and monitored because
of the deformability of the textile structure. In addition, the
stiffness and the deformation of each silicon actuator make
it difficult to determine whether or not the finger is moved
through the natural physiological trajectory. However, this
information is important in enabling the clinicians who
move the fingers during fMRI analysis to understand brain
function. Consequently, the design shown in Figure 2a was
developed. In this case, the person places their hand in a
box and the fingers are moved using standard external



linear pneumatic cylinders. In this configuration, however,
interference can occur between the moving cylinder and the
finger, as shown in Figures 2b and c. Moreover, the finger’s
trajectory can differ from the physiological path and is
difficult to check. In addition, this design features an
actuator for each finger, thus increasing the number of
components, costs, control system complexity, weight, and
device bulk. Lastly, the authors developed the design
illustrated in Figures 3a and 3b, which is the prototype
presented here. This prototype can also move the wrist, as
established in the beginning of this study. This can be
useful for further studies of brain function. The prototype
features a single linear actuator for all fingers, a pneumatic
motor for the thumb, and a linear actuator for the wrist.

The design of this final prototype started from the analysis
of each finger’s movement during passive exercises
performed with the assistance of a physiotherapist, a
situation in which finger trajectories are well controlled.

Figure 2a The first prototype with a box geometry,
showing the hand inside.

Figure 2b Finger movement in the first box prototype.
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Figure 2¢ A detail of possible interference between the
pneumatic cylinder and the finger.

T e I

Figure 3b Detail of the single linear pneumatic actuator for
all fingers.

The automatic machine must be capable of reproducing
these trajectories, which are important for brain activation
study during fMRI analysis. Various kinds of brain
activation during finger movement can be investigated by
using physiological and non-physiological fingers and wrist
trajectories. This final layout connects each finger to a
vertical link (Figures 4a) which is in turn connected to a
non-driven pin moving in a crescent-shaped slot and
mounted on a telescopic shaft (Figure 4b). The slot can
reproduce a physiological trajectory or a non-physiological



trajectory in order to move the finger along a known path
and investigate the resulting brain activation. The prototype
foresees to use the compressed air as kind of actuation, as it
is compatible with the RM chamber, safe, clean and easy to
use in hospitals too. In particular this machine allows to
move all fingers together or one or more than one, with the
patient in a passive state. The Figure 4a shows the
mechanisms for all the fingers and also for the thumb.

The Figure 4b shows some details of the system designed to
move the subject’s fingers. A non-driven pin is inserted in
the slot and connected to a telescopic shaft rotating along a
horizontal axis and each finger is connected to a link put
between the finger and the non-driven pin. The subject’s
fingertips are inserted in thimbles on each link. Activating
the telescopic shaft rotation, it is possible to move the link,
and so the finger to it connected, and to obtain the required
finger movement for the brain functioning study.
Trajectories can be obtained experimentally by analyzing
videos, and numerically from measurements of each
finger’s phalanges, as then here explained. They can be
then compared with other trajectories from the applicable
literature. They allow to design properly the slot. So this
design is capable of moving each finger (or all fingers
together) along known, accurate trajectories established by
the clinicians and the trajectories may be physiological or
non-physiological. In Figure 4c the movement C (then
described in detail) is shown, as an example of movement
to design the slot. Analysing the physiological trajectory of
each finger in a healthy subject, the slot shown in Figure 4b
can be designed.

2.1 FINGER MOVEMENT

The physiological Range of Movement (ROM) for the
finger phalanges and wrist are: proximal phalanx 0°-90°;
middle phalanx 0°-110°; distal phalanx 0°-90°; wrist 0°-85°
[25,27]. Following the literature [39], finger trajectories are
analyzed in plane [x,y], where x is directed along the finger
and y is perpendicular to X, as shown in Figure 5.

link

Figure 4a The mechanisms designed to move all the
fingers and the thumb.
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Figure 4b A detail of the slot and of the part of mechanism
used to guide the finger.
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Figure 4c¢ The movement (here C) imposed on the fingers.

e o

Figure 5 The reference system adopted for the index finger.

Figure 5 shows the phalanges and the reference system
adopted for this study. FH is the base of the proximal
phalanx, here considered fixed, PP is the head of the
proximal phalanx, MP is the base of the middle phalanx, and
DP is the head of the distal phalanx. In particular, three
possible movements designated as A, B, C were investigated.
Figure 6a shows the angles used for the phalanges
trajectories [21], while Figures 6b, c, d illustrate the angles
a, B, v in each movement (A, B, C) considered and then used
to model the finger movement in a calculation software. The
angles o, B, y are the main angles used to model finger
movement with calculation software program. In movement
A, only the distal and middle phalanges of the index finger
are moved, and the proximal phalanx is kept stationary.



Figure 6a The angles involed in the study of the phalanges
trajetories.

Figure 6b Details of movement A.

Figure 6d Details of movement C.
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In movement B, all phalanges of the index finger are
moved, while all other fingers are stationary, extended and
resting on a rigid fixed support. In movement C, all the
phalanges of the index finger are moved, while the other
fingers are extended but not supported. As movement C
yields the most physiological trajetories, it was selected for
the subsequent studies and design stages.

2.2 WRIST MOVEMENT

In agreement with several clinicians, the authors decided to
move the subject’s wrist with this device. This can also be
useful for fMRI analysis. Figure 7a shows the movement to
be imposed on the subject’s hand. Figure 7b shows the
linear pneumatic actuator connected to the subject’s hand in
order to move it as shown in Figure 7a.

Figure 7b The linear pneumatic actuator to move the wrist.

3 STUDY FLOWCHART

The steps of the design process presented here realised are
illustrated in Figure 8. The process involves: producing
videos of finger movements, which are then analyzed using
specific software to establish the experimental finger
trajectories; reviewing the trajectories presented in the
literature; carrying out experimental measurements on
multiple subjects, determining the length of each phalanx of
each finger and then calculating the finger trajectories for



the average male hand and the average female hand,
comparing the trajectories presented in the literature (with
similar subjects), the trajectories calculated from phalange
measurements, and the trajectories from the experimental
videos; transferring this information to CAD software in
order to construct slots for the average male and average
female hands.

4 FINGER MEASUREMENTS USED FOR SLOT
DESIGN

The most important parts of this device are the slots that
establish the movement of the fingers. Multiple
measurements were taken of both hands of several subjects
and using different kinds of caliper, in order to design slots
for average male and female subjects. The number of
subjects examined can already be considered useful for the
design analyses for which it is intended.

In this paper the tests carried out analysing the index finger
were illustrated, but the method can be applied also to the
other fingers. Furthermore, for brevity sake, only some of
the all measurements carried out on men and women are
here presented, illustrating only male subjects. In all the
tables presented, SD means Standard Deviation. The data
collected by operator 1 for the right hands of 10 healthy
right-handed subjects are shown in Table 1. Measurements
were made with a digital caliper with the hand extended on
a flat surface. Table II shows the data collected by operator
2 on 20 subjects. Measurements were made using standard
caliper on the left hand extended on a flat surface. Table III
shows data referring to movement C collected on two
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subjects by operator 3 using a standard caliper with the
right hand on a flat surface. Figure 9 shows the index finger
trajectory calculated by operator 2 for the left hand of a 23
year old male subject, body mass 60 kg, height 1.77 m,
proximal phalanx 45 mm, medium phalanx 27 mm, distal
phalanx 15 mm (also illustrated in Table I), using the
reference system illustrated in Figure 5, with the same
finger initial position. Measurements were taken by several
different operators. For the sake of brevity, Tables I, II and
Il show only some of the measurements. The different
operators’ measurements can be readily compared by
looking at the index finger dimensions: operator 1, right
hand, subject height 1.78 m, digital caliper, index finger
length 96.9 mm; operator 2 left hand, subject height 1.78
mm, standard caliper, index finger length 82.7 mm;
operator 3, right hand, subject height 1.78 m, standard
caliper, index finger length 84.5 mm; operator 1, left hand,
subject height 1.82 m, digital caliper, index finger length
93.1 mm. The differences in these measurements stem from
the use of both digital and standard calipers: the digital
caliper gives better measurement results. In addition, the
experimental results obtained from these measurements
were analyzed by means of different techniques proposed in
the literature: statistical parameters (average value, standard
deviation); correlation between hand dimensions and
subject height [45-50] considering the proportionality of
these values and using different methods (Pearson linear
correlation coefficient [51] with the Anderson-Darling test
[52] and the Shapiro-Wilk test [53]); linear regression with
the t-Student test [54]; the ratio between the length of the
phalanges (average differences) [55,56]).

HUMAN FINGER STUDY

\ ~

//

Measure finger
phalanges of 10

Review finger
trajectories men and 10 women
presented in to calculate
the literature trajectories for the

average male hand

and the average

Produce videos of
. Compare
finger  movements . .
. trajectories from
and analyze their .
. . . the literature,
trajectories with . .
. trajectories  from
specific software. .
) videos, and
Develop numerical
. . . calculated
trajectories with . .
. trajectories
calculation software

|

to construct average slots

Evaluate best finger trajectories, find average, transfer to software, use software

Figure 8 Steps of the slot design process.
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Figure 9 Preliminary example of a calculated trajectory of
the index finger phalanges.

It should be noted that there are non-negligible
differences of up to 11% between some of these
calculations. These differences may be due to various
factors. First, the study does not distinguish between sex
and gender: values are calculated for both sexes and
some studies cited earlier [48] highlight a difference in
length relationships. Furthermore, an error may arise
from the fact that the measurements were taken from the
back of the finger in the joint halfway up the height of
the finger (the free end), thus with a certain angle that
increases the dimension. To obtain additional
information, Student’s t-test [54] was carried out (after
passing the appropriate controls) on the values of ratios
other than 1 (with a = 0.05); p-values were 0.88 for the
female gender and 0.77 for the male gender. The p-value
is the probability that the results from the sample data
occurred by chance; a is the threshold of statistical
significance established by the operator, and represents
the probability of type I error. On the basis of these
considerations, average male hand and female hand
dimensions were calculated and used to design the
corresponding slots. By way of example, Table IV shows
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the characteristics of average male and female right
hands from operator 1 measurements. The average
fingers were obtained using operator 1 measurements as
he used the digital caliper. In particular, phalange
measurements were used to construct the index finger
trajectory in the [x, y] plane using calculation software,
to analyze the index finger trajectory obtained from
experimental videos, and to construct the index finger
geometry in a specific software program. All these
results were then compared with each other and with
similar trajectories obtained from the literature. Figure
10 shows experimental and numerical trajectories
obtained by the authors with the subjects indicated in
Table I from which average valves were calculated. Here
h is the height of the subject. The trajectory shown in
black in Figure 10 is from the literature [39,49] and it is
the index finger trajectory with proximal phalanx 43
mm, medial phalanx 28 mm, distal phalanx 25 mm. The
results obtained are good and demonstrate the study’s
reliability. The authors will carry out further
experimental analyses using specific software to analyze
finger movements and determine the corresponding
trajectory. This is also important in developing a method
for analyzing these movements precisely and to carry out
accurately all these studies.

5 FINGER TRAJECTORIES

The procedures described above can be employed to
design a slot for use by average adult male and female
subjects. The slots are machined in interchangeable
plates that can be installed on the device to reproduce
different physiological and non-physiological
trajectories. For the clinicians it is important to know the
real trajectory imposed in order to analyse it together
with the corresponding brain activation. The position of
the links can be maintained exactly vertical or not, on the
basis of the required finger movement.

Table I - Subjects examined by operator 1: right index finger

Subject | Age | Body mass | Height (m) | Proximal Middle Distal Total
(kg) phalanx phalanx phalanx length
(mm) (mm) (mm) (mm)
M1 30 82.7 180.0 45.41 24.70 20.22 90.3
M2 26 64.0 174.7 44.75 24.29 24.09 93.1
M3 27 72.1 191.5 48.53 30.55 26.65 107
M4 26 79.1 177.5 49.74 28.82 23.03 101.6
M5 26 60.5 172.5 39.33 23.24 21.44 84.0
M6 25 67.0 174.2 39.51 24.59 24.02 88.1
M7 33 65.4 174.9 51.44 27.50 24.53 103.5
M8 30 79.1 183.5 55.36 27.94 25.19 108.5
M9 30 69.7 177.6 45.74 28,.79 24.64 99.2
M10 30 59.2 179.9 4741 23.67 23.64 94.7
SD 4.98 2.59 1.84 8.1
Averages | 28.3 69.88 178.63 46.72 26.41 23.75 96.9
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Table II - Subjects examined by operator 2: right index finger
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Subject Age | Body Mass | Height | Proximal | Middle Distal Total
(kg) (m) phalanx | phalanx | phalanx length
(mm) (mm) (mm) (mm)
Ml 23 69 181.5 43 23 16 82
M2 28 67 169.0 39 23 17 79
M3 32 82 189.0 44 26 19 89
M4 41 73 171.0 40 24 18 82
M5 59 100 182.0 39 26 19 84
M6 29 60 167.0 36 20 20 76
M7 23 87 185.0 41 23 21 85
M8 26 71 175.0 38 23 21 82
M9 26 69 178.0 38 25 18 81
M10 31 96 188.0 44 24 17 85
Ml1 27 74 172.0 41 21 19 81
M12 54 76 179.0 44 27 17 88
M13 33 80 180.0 42 21 18 81
M14 61 91 177.0 42 24 18 84
M15 39 85 185.0 40 27 18 85
M16 25 59 161.0 39 21 16 .6
M17 24 86 182.0 41 26 17 84
M18 24 85 189.0 41 24 19 84
M19 23 60 177.0 45 27 15 87
M20 27 76 181.0 40 24 15 79
SD 2.37 2.14 1.71 3.5
Averages | 32.75 77.30 178.43 40.85 23.95 17.9 82.7
Table I1I - Subjects examined by operator 3: right index finger
Subject Age Body Mass Height Proximal Middle Distal Total
(kg) (cm) phalanx phalanx phalanx length
(mm) (mm) (mm) (cm)
M1 23 69 182 43 23 16 82
M2 23 60 177 45 27 15 87
SD 1.42 2.83 0.71 3.5
Averages 23 64.5 179.5 44.0 25.0 15.5 84.5

Table IV - Average male and female right hands from operator 1 measurements

Subject Average phalanges (dimensions in mm)

Thumb Index Middle Ring Pinkie

FP | FD | FP | FM [ FD FP | FM | FD | FP | FM | FD | FP [ FM | FD
Average | 43.5634.01|53.01|33.59| 26.20 |58.33(40.31|27.80|54.50(38.34(27.30|43.76 | 29.00 | 24.60
male
Average |39.56(29.32149.14|30.75| 22.50 [53.24(36.01|24.50|49.40 [ 33.83 | 24.40|41.32|24.70(21.90
female
SDmale | 434 | 235 | 3.57 | 247 | 2.19 [325[3.07 | 196|242 [3.17 | 192|284 ]249 | 190
SD 2291 3.04|3.67| 198 | 1.25 | 429230 | 1.62 | 3.59 | 2.28 | 1.69 | 2.31 [ 1.99 | 1.66
female
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Figure 10 Index finger trajectories obtained in various conditions.

5.1 PHYSIOLOGICAL TRAJECTORIES

Many fMRI analyses, including those carried out for
motor learning purposes, are performed while moving
fingers along physiological paths. It is thus important to
study and obtain these trajectories by means of a
procedure such as that proposed above. Figure 11a shows
the mechanism used to move the index finger along a
physiological trajectory for an average male subject. The
possibility of inclination of the link is very low, as the
mechanism follows the finger trajectory in its same
physiological cycle time and the condition of the subject
has to be passive. A non verticality of the link means that
the subject is not completely passive and this can be an
important warning for the clinicians during the fMRI
analysis. Anyway this possible inclination can be avoided
as follows. The Figure 11b shows the mechanism where
two identical slots are used together in order to maintain
the link in a vertical position, if necessary. The non-
circularity and the complexity of the slot shape favours
the effect of this second slot also using a simple circular
pin, fixed on the link. In this case it is important the
choice of the materials in contact, in order to reduce the
friction. The Figure 11c shows another solution where the
possible inclination of the link is avoided using a cart type
constraint, that also improves the sliding condition.
However, the doctors' needs can be adequately met using
the initial configuration with a single slot. Links can be
connected to all fingers or to a single finger, thus moving
all fingers simultaneously or one finger at a time. A
reduction of the link length, compatible with the wrist
movement, can also improve this aspect. This length
reduction can be foreseen since the wrist movement can
not be imposed together with the fingers motion. So the
machine design can provide a horizontal flat bed to pull
down the actuator and the fingers mechanisms when the
wrist movement is activated. On the other hand, all these
fingers mechanisms can be lifted up and positioned at an
adequate distance for their motion, as shown in Figure 12.

95

W

KA (™ | =

- -

Figure 11a Finger movement along a physiological
trajectory.
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Figurel1b Finger movement along a physiological
trajectory (link maintained in the vertical position by using
a second slot).
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Figurellc Finger movement along a physiological
trajectory (link maintained in the vertical position by using
a cart type constraint).

Figure 12 The possible system to move up and down
vertically the platform with all the fingers mechanisms and
actuators.

5.2 NON-PHYSIOLOGICAL TRAJECTORIES

The device’s structure also makes it possible to move
fingers and wrist along non-physiological paths. To this
end, the trajectories are investigated experimentally and
numerically in order to construct the corresponding slots.
For clinicians, it is important to know the exact
trajectory imposed by the device in order to analyse it
together with the associated brain activation.

Depending on the type of movement required, links can
be maintained in the vertical position or allowed to
depart from it as the fingers are moved. Slots
reproducing non-physiological trajectories can be
designed after analyzing such movements experimentally
and numerically. This can be useful for studies of brain
function in healthy subjects and patients. Figure 13a
shows the non-physiological movement considered here.
The corresponding slot is shown in Figure 13b.
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Figure 13a An example of a non-physiological finger

trajectory.
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Figure 13b Non-physiological trajectory by clinicians.

6 SOME SOLUTIONS FOR FINGER MOVEMENT

Different kinds of drive or actuation can be used to move
the telescopic shaft and hence the finger.

6.1 FIRST SOLUTION: BELT DRIVE

A belt drive can be connected to two fingers at the same
time if necessary, as shown in Figure 14, where (1) are the
pulleys and (2) are the belts. The same transmission
structure is then used to move all the fingers. The pulleys
are driven by pneumatic motors. Drawbacks of this
configuration include its bulk, its large number of parts
and motors, and the need to ensure correct belt tension at
all times.



6.2 SECOND SOLUTION: SINGLE PNEUMATIC
ACTUATOR

In this configuration, a linear pneumatic actuator can be
connected to one or all fingers. The mechanism is
illustrated in Figure 15: the linear actuator, slots and
vertical link are shown on the left, while the new geometry
of the telescopic shaft is shown on the right. Here a spring
is added to guarantee that the non-guided pin and the slot
are in contact at all times. Further details of the single linear
pneumatic actuator are shown in Figure 3b. The single
linear pneumatic actuator is mounted facing the fingers to
move one or all fingers together. A telescopic shaft drives
the neutral pin along the slot. This configuration is an
improvement over the belt drive, as it is smaller, lighter,
and features simpler construction with fewer components.

6.3 THUMB MOVEMENT USING A PNEUMATIC
MOTOR

The thumb is moved in the frontal plane (Figure 16) rather
than the sagittal plane. Movement is imposed by a
pneumatic motor connected directly to the telescopic shaft.

(2)

Figure 15 Fingers moved by a single pneumatic actuator.
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Figure 16 Pneumatic thumb motor.

7 OPERATION MODELING AND SIMULATION

Several models were constructed on a specific software
platform to investigate finger movement mechanism
kinematics. Simulations were carried out with various
prototype geometries. In particular, the configuration where
the fingers are actuated by a single linear pneumatic
cylinder was analyzed. The study was carried out by
operator 4. Figure 17a shows the left index finger geometry
and its physiological trajectory (24 year old male subject,
body mass 75 kg, height 1.85 m, proximal phalanx 45 mm,
middle phalanx 30 mm, distal phalanx 20 mm). In this
figure, FH is the point considered fixed on the hand, while
PP, MP, DP are the extremities of each phalanx. In this
finger model the geometry of each phalanx is cylindrical.
Figures 17b, 17¢, 17d show all the parts of the mechanism
connected to this finger and moved by a single linear
pneumatic actuator, analyzing its function in a succession
of frames. Simulations were also carried out on the
geometries for the configuration which maintains the link in
the vertical position. All simulations results are good,
demonstrating the study’s reliability and the mechanism’s
ability to replicate the desired trajectory for each finger. In
particular in the Figures 17b (1) is the index finger during
the flexion, (2) is the vertical link, (3) is the first slot, (4) is
the second slot, (5) are the trajectories of each finger
phalanx, (6) are the trajectories of the slots, (7) is the
telescopic shaft. During this simulation, the slots were
simulated using the proper trajectories pathways. The
Figure 17c shows the simulation using the cart type
constraint in order to guarantee the exact vertical position
of the link. Figure 18 shows the simulated trajectory of the
index finger driven by the mechanism, compared with the
other trajectories. A direct comparison of this trajectory



with the trajectory obtained with the same software by
operator 3 (23 year old male subject, body mass 64 kg,
height 179.5 cm, right index finger having 44 mm proximal
phalanx, 25 mm middle phalanx, 15.5 mm distal phalanx)
shows several similarities.

\

X

Figure 17a The index finger phalanges trajectories
simulated in a specific software.
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Figure 17b The index finger and its mechanism using two
slots.
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Figure 17c¢ A simulation using the cart type constraint.
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Figure 18 Comparison of simulation results and the other
index finger trajectories.

The simulated trajectories show less extension than the
trajectories obtained from calculations and from the
experimental videos.

In fact, the simulation was influenced by the cylindrical
shape of each phalanx (Figures 19a and 19b) [57], which
can generate interference between the various parts of the
phalanges in the finger model. It is also necessary to
remember that the physiological shape of the fingers is not
exactly a cylindrical one. Additional studies carried out
moving the index finger (average male hand from operator
1 measurements, Table IV) manually in a CAD
environment show that an imperfectly cylindrical shape
(Figure 19c and 19d) of each phalanx can improve its
movement and yields trajectories that are more similar to
those produced from numerical considerations. With
cylindrical phalanges, finger flexion (as shown by the
length illustrated in the Figure 19b) is slightly less than in
the case where each phalanx is modeled with a shape that is
not perfectly cylindrical (Figures 19¢ and 19d). Further
possible shapes, such as an equivalent trapezoidal shape
(Figures 19¢ and 19f), can be analyzed to improve the
finger model to avoid interference between the phalanges
and to simulate full, correct finger flexion (Figure 19f).
Each phalanx dimensions are here the same as those
illustrated in Figures 19 a, b, ¢, d.

This is important in order to ensure that simulation yields
realistic finger movements and trajectories in conformity
with other numerical and experimental studies that can be
used to investigate the articulated mechanism’s kinematics.

23,74 26,41 46,72

Figure 19a A CAD model of the extended index finger
constructed using a cylindrical shape for each phalanx
(dimensions in mm).



Ed
o
” P -
,‘ b/. /] »,
> = FeS
*«/’i / \\
i | J
| :""/| i fI\ .’l
| | /
* b B | \/
fd 11 A // b(@j -T,-
(3, | —./ h
- i &
( ) 0 i
\ S I

Figure 19b A CAD model of the flexed index finger
constructed using a cylindrical shape for each phalanx.

Figure 19¢c A CAD model of the extended index finger
constructed using an imperfectly cylindrical shape for each

phalanx.
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Figure 19d A CAD model of the flexed index finger
constructed using an imperfectly cylindrical shape for each
phalanx.
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Figure 19¢ A further possible CAD model of the extended
index finger constructed using a trapezoidal shape for each
phalanx.

Figure 19f A further CAD model of the flexed index finger
constructed using a trapezoidal shape for each phalanx.

It should be borne in mind that while the operation of the
finger movement mechanism can be represented via
simulation, the trajectory obtained for each finger can be
influenced by the phalanx shape used in the simulation
model. Assigning an appropriate geometrical shape to each
phalanx during simulation is thus essential in evaluating the
mechanism. The authors will address these issues in future
work. The considerations presented above are useful for
developing a methodology for analyzing and measuring
finger trajectories, verifying the operation of the
mechanism that guides them in the device presented here,
and creating the slots along which each finger (or all fingers
together) are guided through physiological and non-
physiological motions.

8 COMPLETE PROTOTYPE: FOUR PNEUMATIC
ACTUATORS

Figure 20 shows the complete prototype with its main
dimensions. It has four pneumatic actuators: a pneumatic
motor for thumb movement, a linear pneumatic actuator for
the finger/fingers movement, a linear pneumatic actuator
for the wrist movement, a linear pneumatic cylinder to
move up and down all the fingers mechanisms and
actuators platform. Wrist trajectories are determined using
the same procedures as for the fingers. The Figure 20 shows
the prototype put close to the cot in the magnetic resonance
chamber. Some main dimensions of the prototype will can
be improved.
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Figure 20 Some details of the prototype put inside the
magnetic resonance chamber (dimensions in millimiter).

9 CONCLUSION

The paper illustrates the design process for an innovative
active device capable of moving the fingers and wrist of
one or both hands during fMRI analysis. The device can be
used with healthy subjects and with patients. The whole
structure of the machine will be improved using the
movable platform to reduce the link length and removing
the second slot. This is possible because the motion will
never be imposed simultaneously on the wrist and fingers.
For a correct use of the machine in the magnetic resonance
chamber, a further check of all the materials constituting
the various parts of the machine will be necessary. In any
case any electronic/electrical device must be positioned
outside the magnetic resonance chamber, including the
electro-pneumatic control circuit. In future work, the
authors plan to construct a model of the device’s
electropneumatic control system in order to analyze signal
transaction times along 10 m long lines. The
electropneumatic control system will be placed outside the
magnetic resonance chamber, but the system must be able
to function with the time cycle established by the clinicians.
Supply pressure can be varied to impose different
movement conditions on the fingers and hand, as well as to
measure the subject’s performance with varying levels of
assistance from the device. Future construction of this
device will start from development and testing of its main
parts, i.e., the slots and finger movement mechanisms.The
use of non-magnetic materials will necessarily lead to
building many parts of the machine in plastic materials.
This aspect obviously facilitates the parts in relative
motion, reducing friction and improving the performance
and duration of the machine itself.
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