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ABSTRACT The purpose of prosthetic hands is to replicate the functional capabilities of the human hand,
allowing users to perform daily tasks effectively. The mechanical design of artificial fingers is a key factor
in determining the overall performance of these prostheses. A novel solution in this field is the Adam Hand
by BionlIT Labs, which belongs to the family of underactuated, multiarticulated myoelectric prostheses.
This paper presents a kinetostatic analysis of the Adam’s Hand finger, which utilizes a gear train as an
underactuated transmission mechanism. A test bench is also introduced to experimentally measure the
grasping force when the finger spans its entire working range, defined by a 90° rotation of the proximal and
distal phalanx joints. The experimental results demonstrate good agreement with the theoretical predictions,
yielding mean percentage errors of less than 4%, with maximum error of about 6%. The analytical and
experimental results obtained from Adam’s hand are also compared with those of an alternative prosthesis,
namely Bebionic, that is fully actuated.

INDEX TERMS Underactuated fingers, robotic hands, prosthetics, analytical modeling and analysis,
experimental testing and validation.

I. INTRODUCTION

The human hand represents an exceptional and efficient
system capable of executing intricate movements, ranging
from strong to delicate tasks, perceiving and interacting
with the environment. Therefore, upper limb amputation dra-
matically reduces the patient’s autonomy and the capability
of performing daily living, working, and social activities.
Advances in technology have been aimed to improve the well-
being of people with limb loss, as evidenced by the growing
development of prosthetic hands in both the industrial and
academic sectors. The period between 2010 and 2018 has
seen a higher number of robotic hand designs compared
to the entire previous century [1], [2]. Currently, there
are four categories of prosthetic hands in use to restore
different levels of functionality: cosmetic, body-powered,

The associate editor coordinating the review of this manuscript and

approving it for publication was Yangmin Li

externally powered, and hybrid. Of these, extrinsically
powered prosthetic hands represent the most promising
solution to replicating human hand functionality due to
their ability to intuitively provide all degrees of freedom
(DoFs) of a human hand without any power input from the
user [3]. However, their adoption has been limited due to
high rejection rates that clearly indicate that not all user
needs have been adequately addressed by modern externally
powered prosthetic hands [4]. Most prostheses cannot achieve
the recommended strength and speed capacity, and no one
can achieve the anthropomorphic force and speed capacity
while maintaining the anthropomorphic weight. Therefore,
improvements in actuation and transmission remain impor-
tant design challenges for future systems [5]. Notable
examples of externally powered prostheses are: the Tactile
sensor hand [6], I-Limb Quantum [7], VINCENTevolution3
[8], the Multigrasp Hand [9], Taska [10] and Bebionic [11].
In contrast to these fully actuated devices that tend to adopt
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a similar number of actuated DoFs as the human hand,
BionIT Labs has recently introduced Adam’s Hand [12],
shown in Fig. 1: a transradial myoelectric prosthesis based
on the principle of underactuation, according to which a
reduced number of actuators is designed to drive several
degrees of freedom. In the case of Adam’s Hand, 9 DOFs
are controlled by two electric motors that is 2 degrees of
actuation. This high degree of underactuation is achieved by
stacking symmetrically three bevel gear differential stages,
while the underactuation within each finger is obtained
using gear trains. A more in-depth analysis of the proposed
mechanism can be found in [12], [13].

This paper presents a theoretical kinetostatic analysis of the
Adam Hand Finger that uses a gear train as the underactuated
transmission mechanism. A test bed is also presented
to experimentally assess the grasping force developed in
different finger configurations, showing good agreement with
the theoretical predictions. The analytical and experimental
results obtained from Adam’s Hand are also compared with
those of the fully activated Bebionic prosthesis showing the
differences between the two architectures. The theoretical
and experimental comparison of an underactuated prosthetic
finger with a fully actuated counterpart is seldom discussed
in the literature and represents one of the novel contributions
of the paper. Since the grasping force developed by the
finger is strictly related with everyday use, it can be used
as a performance metric that directly reflects the user’s
satisfaction. However, a standard benchmarking protocol to
measure the finger force in prosthetic devices is missing
in the literature with few examples devoted to industrial
grippers only [14]. The other original contribution of this
research is the proposal of an experimental protocol to
quickly measure the force exerted by a prosthetic finger over
all the working range of the finger rather than analyzing
a single configuration (typically fully extended). In order
to pursue these two research objectives, first, Sections II
and III develop and analyze the kinematic and static modeling
of the two prosthetic devices. Then, the theoretical results
are experimentally validated using a dedicated test bed and
protocol, as described in Section IV. Relevant conclusions are
drawn in the final Section V.

Il. ADAM’'S HAND

The design of Adam’s Hand inspires to the concept of
underactuation that aims to design a mechanical system with
anumber of actuators lower than the degrees of freedom [16].
As described in the patent [17], the bevel gear differential
transmission mechanism manages to distribute the power
delivered by the drive motor - a palm-housed DC motor - to
provide for the flexion/extension of the proximal and distal
phalanges of the index, middle, ring and little fingers. As a
result, the underactuated mechanism is qualified by what can
be called “mechanical intelligence” [18], by virtue of which
the actuation effort is equally distributed among the fingers
and the passive adaptivity is achieved, i.e. when the motion
of one or more fingers is prevented, the remaining finger(s)
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FIGURE 1. Adam’s Hand: the underactuated prosthesis proposed by
BionlT Labs [15].

continue to move until a seamless adaptation to the grasped
object is attained.

A. KINETOSTATIC MODELING
The finger of Adam’s Hand is shown in Fig. 2 along with its
corresponding kinematic model. It is important to mention
that unlike human hands, Adam’s Hand has a proximal
joint that resembles the human metacarpophalangeal joint
(MCP) and a single distal joint that combines features of
both the human proximal interphalangeal (PIP) and distal
interphalangeal (DIP) joints [19]. Therefore, the finger has
two phalanges: proximal and distal. Distal phalanx takes the
form of both the middle and the distal one. Since the finger
consists of two phalanges connected to each other and to the
palm by two revolute joints, it has two degrees of freedom
but only one actuation input, represented by the torque C, in
Fig. 2, making it an underactuated mechanism. The torque
is transmitted to the phalanges through a gear train, with the
final gear, which rotates around point C, fixed to the distal
phalanx. When the proximal phalanx is stopped, the distal
phalanx can continue to rotate until it contacts an object.
Two elastic elements are placed at the MCP and PIP joints
to produce a statically determined structure.

The static rotational equilibrium of the distal phalanx
around the point C poses:

R
rCGde+Td+R—2Ca=O (1)
1
where x indicates the vector product and (refer to Fig. 2):

149493



IEEE Access

A. Grazioso et al.: Performance Analysis of the Underactuated Finger for Adam'’s Hand

rcg denotes the position vector of the point G of
application of the contact force with respect to C,
F,; isthe external force applied to the distal phalanx,
T,  is the spring torque,
Ry is the radius of the gear at the base of the proximal
phalanx,
R is the radius of the gear fixed to the distal phalanx,
C, is the input torque provided by the actuation
mechanism at the MCP joint.
By solving Eq. (1), the relationship between the magnitude
of the actuation torque and that of the output force can be
readily obtained:

Ty + (R2/Ry) Cq

Fq= - @
kg cos Bag + &4 sin By
where
kq is the distance between the DIP joint and the contact
point G,

Ba is the inclination angle of the force F; relative to
the perpendicular to the phalanx, as represented in
Fig. 2,
&d is the thickness of the distal phalanx.
The magnitude of the spring torque, T, that appears in Eq.(2)
depends on the stiffness and preload of the component and
is, generally speaking, a function of the relative angle ¥4
between the distal and the proximal phalanx.

1ll. BEBIONIC

Bebionic v2, shown in Fig. 3, is a multi-grip hand originally
proposed by Steeper [20]. In the finger of Bebionic, the
motion of the PIP is coupled with that of the MCP joint
by means of a four-bar linkage that is marked in red in
Fig. 4 for the index finger together with the corresponding
kinematic model. Each finger is driven by a motor housed in
the palm, allowing 14 different grip positions. The thumb has
two phalanges as well. It has a passive abduction with two
positions and its motor is housed in the finger structure itself.
The knuckles are not aligned, but shaped as in a human hand
in the rest configuration. The palm fingers can be manually
closed via the pin slot joint E (refer to Fig. 4) to protect the
mechanics of the hand.

A. KINETOSTATIC MODELING

As shown in Fig. 4, the Bebionic finger relies on a four-bar
linkage mechanism to transmit the actuation force, F,, to the
two phalanges. The palm-housed drive motor is a custom
linear drive that pulls the proximal phalanx at the rotational
joint E via a nut screw mechanism (labeled H in Fig. 4). In
this case, it is evident that the finger has only one degree of
freedom, which means it is fully actuated. Consequently, the
rotations of the two phalanges are rigidly coupled. In order
to find out the kinematic relationship between the relative
motion of the two phalanxes, a loop closure equation can be
written as:

rap +rgc +rcp+rpa =0 (3
where r is used to indicate the position vectors.
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(b)

FIGURE 2. Kinematic model of finger joint coupling mechanism adopted
by Adam'’s Hand: (a) original image, (b) kinematic scheme. The finger
consists of the proximal and distal phalanges. The proximal phalanx is
hinged to the palm at the metacarpophalangeal (MCP) joint, represented
by point B. The distal phalanx is connected to the proximal phalanx by a
revolute joint at point C, representing the proximal interphalangeal (PIP)
joint. Both joints are equipped with springs, and the input torque, Cq,

is transmitted to the phalanges via a gear train.

Squaring and adding the two scalar components of (3)
yields:

Lcos(®, + 0g) + M sin@, + 9)+N =0 (4

where %, and ¥ are the angles associated with the rotation of
the proximal and distal phalanx respectively (refer to Fig. 4),
and
L = 2lcp (Iap cos 94 + Ipc cos B,)
M =2lcp (lAB sin ¥ap + Ipc sin ﬂp)
N = Lig +lge +12p — lip
+ 2laglpc (cos g cos ¥, + sin ¥4p sin 19,,)

in which the symbol / denotes the characteristic lengths of
the finger linkage, and ¥'4p represents the angle between the
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FIGURE 3. Bebionic v2: the fully-actuated prosthesis proposed by
Steeper [20].

x-axis and the vector r4p. In order to express the rotation of
the distal phalanx as a function of the angle of the proximal
phalanx, Eq. (4) can then be solved for the sum (3, + ¥4) as
follows:

. Oy + ¥4 M £ ~VL?> +M? —N?
an = .
2 L—-N
To calculate the contact force that the fingertip (point G
in Fig. 4) can exert on an object as a function of the angle
of the proximal phalanx, it is necessary to impose the static
equilibrium of the two phalanxes, that gives:
Rp+Rc+F,=0
rpge X Fo+rpgc xRc+T43=0

&)

(6)
Rp—Rc+F;=0
rcpxRp+rcgxF—T;=0
where
R denotes the constraint reactions at the points

specified as indices,
F, represents the actuation force, directed along the
segment EH,
T, is the torque due to the spring located at the DIP
joint,
F,; isthe force applied to the distal fingertip.
The first two rows in Eq. (6) refer to the balance of the
proximal phalanx, the last two rows to that of the distal
phalanx. The points chosen for moment calculation are the
hinges B for the proximal phalanx and C for the distal one,
so no torque contribution comes from Rp and Rc if the
absence of friction is assumed. Solving Eq. (6), the desired
relationship is found:

(a1 + a2) Ty + azlpg cos (O, + &) Fu

Fq = -
azlep sin (9 + ¥4 — V) — ailcg cos (Ba + aq)

@)
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(b)

FIGURE 4. Bebionic index finger with overlaid the four-bar mechanism
that couples the phalanx relative motion: (a) original image, (b) kinematic
scheme. The finger is composed of the proximal and distal phalanges. The
proximal phalanx is hinged to the palm at the metacarpophalangeal
(MCP) joint, represented by point B. The distal phalanx is connected to
the proximal phalanx by a revolute joint at point C, representing the
proximal interphalangeal (PIP) joint. The latter is equipped with a spring.
The actuation force, Fgq, is transmitted to the phalanges through a
four-bar linkage mechanism.

in which (refer to Fig. 4)

ap is the angle between the vectors rpg and rpg,
og is the angle between the vectors rcg and rep,
¥ is the angle between the x-axis and the link AD,
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and

ay = lgc sin(¥p — ¥)
ay = Ilep sin(¥g + Vg — V)
az = lpc cos(Vg + Ba)

IV. FINGER FORCE MEASUREMENT

The grasping force developed by the finger is directly related
with the daily use of an upper limb prosthesis and is
commonly adopted as a performance parameter as well as
an indicator of user satisfaction. Despite its importance, the
experimental procedures that researchers usually adopt to
measure the force of the fingers are a one-off, which led
to the recent effort to propose a standardized benchmarking
protocol [14], [21], though mainly focused on robotic end-
effectors and grippers rather than prosthetic devices. In this
work, an experimental setup is arranged aimed to rapidly
measure the force exerted by the single finger not only
in a fully extended configuration but over all the working
range of the finger itself. The tests performed are thoroughly
described, together with the equipment and tools adopted,
and the data obtained are compared with the numerical
estimates derived from the models described in Section II and
Section III for both hands involved in the current analysis.

A. EXPERIMENTAL TESTBED

The objective of the tests performed is to evaluate the force
that prosthetic hands are capable of developing in the distal
phalanges. To this end, the experimental testbed shown in
Fig. 5 is set up. Among the main requirements for the test
facility is the necessity to easily reposition the measuring
device in order to accommodate different sizes and shapes
of the analyzed hands, as well as spanning the entire range
of motion of the fingers. To this end, aluminum extrusions
assembled with removable corner brackets are used to realize
the adjustable frame shown in Fig. 6.

The force is measured by means of the digital gauge
SADFG-P0050 by SAMA Tools [22], featuring a resolution
of 0.01 N, accuracy of £0.15N, and minimum load equal
to 0.IN. It is mounted on a vertical upright that can be
moved back and forth along the profile below (in the direction
indicated as y-axis in Fig. 6); moreover, the measuring tool is
constrained to the vertical beam through a 3D printed block
that allows it to slide up and down (z-axis). Furthermore,
the rotation of the measuring head about the x-axis is not
constrained, but a revolute joint is arranged between the
gauge and the upright to ensure an automatic repositioning
of the tool due to the traction exerted by the finger during the
test: this permitted rotation avoids the gauge to work in a tilted
position with respect to the finger, thus undergoing unwanted
lateral stresses which would be of no use given the uniaxial
nature of the performed measurement. Such an adjustment
would not be possible if the tests were conducted by letting
the finger press on the probe, since the compression would
give rise to unstable load configurations, thus necessarily
requiring the repositioning and fixing of the meter each time.
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Another advantage of performing traction loading tests stems
from the fact that it is remarkably easier to execute the
measure over the entire range of motion of the finger (refer
to Fig. 7), particularly when the sum of the angles of the
phalanges, i.e. ¥, and ¥, in Fig. 2 and 4, exceeds 90°, as it
would be impossible in that case to fit the gauge between the
finger and the palm of the hand.

The prosthesis is fixed to the facility base by means of a
metal plate with an embedded quick disconnect wrist (QDW).
The QDW is used to firmly secure the prosthesis to the
work table as it provides the very same electromechanical
connection between the robotic hand and the prosthetic socket
during normal use of the device [4]. Fixing the attachment
plate using bolts allows to easily move the prosthesis along
the x-axis of the frame (see Fig. 6), while the QDW allows
to rotate the hand about the z-axis, in order for the testing
probe to lie in the plane of motion of the finger. The prosthetic
hands being tested are designed to be battery powered when
they are worn by the user: since the force capability of such
devices is strongly affected by the state of charge of the
battery, the experimental campaign is carried out by using
the laboratory power supply visible on the left in Fig. 5,
at the nominal voltage of 7.4 V and current limitation equal
to 10 A. The power supply parameters are chosen based
on how the prosthetic hands are powered in their normal
use. The battery systems supplied with both prostheses
contain two lithium-ion cells, so the reference is set to the
nominal voltage of 7.4 V, as declared by the manufacturers.
The current limit is limited to 10 A, since the maximum
continuous current of the aforementioned battery systems
is lower than 6A [15], [20]. In a myoelectric prosthesis,
the opening and closing commands are imparted, in most
cases, by two electromyographic electrodes that convert the
muscular contractions of the residual limb into 0-5 V signals
read and interpreted by the prosthesis. The custom-made
console emulates the signals provided by the electrodes, with
one button deputed to the opening command and the other to
the closing one. The output provided is a 0-5V step signal,
through which the hand is controlled in on-off mode and can
therefore be either at rest or exert the maximum force.

B. PROCEDURE
The following steps detail the procedure followed to conduct
the experiment:

1) The hand is secured to the testbed using the QDW
support. During this phase, particular care is taken to
ensure that the tested finger (the index finger) lies in
the same plane as the measuring probe, by adjusting
the position of the wrist support along the x-axis.

2) The finger is positioned in a fully-extended
configuration.

3) The vertical upright is positioned to align the measuring
tool with the same z-coordinate as the chosen hooking
point on the finger. The position along the y-axis is
determined by the distance between the supporting
bearing and the end of the pulling string.
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FIGURE 5. Experimental testbed. On the left, the power supply is visible;
on the right, the prosthetic hand is mounted on the test rig, with the
index finger hooked to the measuring tool in the top-right corner. At the
front, the two-button console used to issue the opening and closing
signals for the finger is also shown.

Lak
TQRANL LA

FIGURE 6. Detailed view of the fixture system and measuring head. The
supporting plate, which incorporates the quick-disconnect wrist (QDW)
attachment for the prosthetic hand, can be moved along the x-axis. The
vertical upright can slide along the y-axis, and the 3D-printed white block
can be adjusted along the z-axis. This enables the precise repositioning
of the measuring tool within the y-z plane relative to the finger.

4) The finger is commanded to close. This operation
is performed using ON/OFF control, allowing the
prosthesis to deliver maximum power.

5) After the string attached to the probe is tensioned, the
pulling action exerted by the finger is maintained for a
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few seconds, then the finger is retracted to the starting
position.

6) The measurement is repeated 30 times to achieve the
desired sample size for the tested configuration.

7) The force is recorded throughout the test, and pictures
of the finger in the loaded configuration are taken to
estimate the angles of the phalanges and the direction
of the force.

8) The measuring upright is moved to the following
position, and the process is repeated starting from
step 4.

Figure 8 illustrates an example of two repetitions of the
force measurement (points 4 and 5 of the preceding list),
along with the signals provided to the closing and opening
electrodes used to drive the prostheses. The top plot shows the
normalized force, calculated by dividing the measured force
by the maximum value of force detected during the two cycles
shown. The bottom plot shows the driving signals applied
to the opening (blue) and closing (red) electrodes. After a
1-second long signal is applied to the opening electrode to
retract the finger to the starting position, a similar 2-second
signal is applied to the closing electrodes to flex the finger
and exert force on the measuring probe. Then, for 5 seconds,
both signals remain low before sending the open command
for the next cycle.

The displacements of the measuring tool along the y and
z axes, required to transition from one test configuration to
the next (as outlined in point 8), are defined based on the
knowledge of the working area derived from the kinematic
analysis of the tested fingers. For each of the two hands
tested, seven angles were chosen to balance the scope of the
experimental campaign with the thoroughness of the analysis.

C. RESULTS AND DISCUSSION
The force values stated for prosthetic hands, especially
commercial ones, are usually measured when the finger is in a
fully open configuration [23]. In the present study, the fingers
of both hands taken into account are characterized throughout
their range of motion. This goal is achieved by fixing the
prosthesis to the base plate and progressively moving the
force gauge in discrete steps along a wide arc spanning
all the state space (9,,9,) of the finger, as illustrated in
Fig. 7. The experimental result consists of two series, one
for each analyzed hand, composed of seven different data
sets corresponding to as many finger positions. For each
test, the values of the angles adopted for the modeling of
the finger architectures are deduced by superimposing digital
goniometers onto high-resolution images, as shown in Fig. 9.
To numerically estimate the forces generated by the two
prosthetic hands, in light of (2) and (7) it is necessary to
know the actuation inputs C, and F, respectively, as well
as the contributions 7, given by the springs. The latter are
quantified by isolating the fingers of the two prostheses
from their respective actuation mechanisms and progressively
loading the joints to record the characteristic curves of the
elastic elements. The collected data, consisting of deflection
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FIGURE 7. Demonstrative sequence of traction tests for finger force measurement.
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FIGURE 8. Example of fingertip force cycles: normalized force displayed
at the top, and finger opening/closing signals shown at the bottom.

angle-torque pairs, are fitted with quadratic polynomials to
be fed into the relationships derived in Section II and III.
With regards to the generalized input forces C, and Fy,
specific tests are conducted to measure the performance of the
actuation drivelines of the tested fingers, namely the torque
applied to the gear at the base of the proximal phalanx in
the case of Adam’s Hand, and the pull force exerted on
point E in Fig. 4 for Bebionic. In doing so, it is confirmed
that the torque provided by the differential driveline of
Adam’s Hand does not vary significantly over all the range
of rotation of the finger; similarly the actuation force of
Bebionic is approximately constant along all the stroke of
the plunger of the linear drive. Both the values of C, and
F, are not disclosed to keep the information confidential.
For the same reason, the forces plotted in Fig. 10 and 11,
as well as those reported in Tables 1 and 2, are normalized by
dividing them by the maximum values of the sample means
recorded for Adam’s Hand and Bebionic across all seven test
configurations. The average values of repeated experimental
tests (seven in our case) are shown as blue squares associated
with bars representing the standard deviations of the data
samples. The lines in red connect the force values predicted
by the kinematic model for the same finger postures, i.e.
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FIGURE 9. Extraction of the rotation angles of the proximal and distal
phalanges from the high-resolution image of the finger.

calculated by replacing ¥, and ¥; in (2) and (7) with
the angles of the phalanges detected during the tests. As
evident from the graphs, the agreement between measured
and predicted values is good, with mean errors of 4.00% for
Adam’s Hand and 3.59% for Bebionic. As reported in the
last column of Tables 1 and 2, the percentage deviations,
calculated from the difference between the mean values of
the experimental samples and the predicted forces, are in all
cases lower than 6% for Adam’s Hand and 8% for Bebionic.
These deviations are well below the maximum acceptable
threshold of 10% for the analysis in question. Furthermore,
as expected, both the experimental findings and the numerical
evidence point out the different nature of the mechanisms
adopted for the fingers of the two hands: while Bebionic is
subject to a wider variation in force, Adam’s Hand produces
an approximately constant force output across the operating
range. In other words, the transmission matrix is variable
with the angle of the proximal phalanx for Bebionic, constant
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FIGURE 10. Comparison between measured and predicted normalized force for the finger of Adam’s Hand.
1.2 T T ‘
L1l — & —Measured | |
’ —O— Calculated
1 ]

=
©
T

=
oo
T

Normalized force, Fy [—]
.O =
>
T

o
o

g
—
]

0.4 |
03 | | | | |

9, =26  9,=140° 9,=251° 9,=39.4° 9,=424° 9,=512 ¥, =616

Bg=52.7°  9,=68.0° 0g=T9.0° 9,=942° 93=96.9° 9, =1041° 9, =115.0°

Angular coordinates of the phalanges

FIGURE 11. Comparison between measured and calculated normalized force for the finger of Bebionic.

for Adam’s Hand. The latter, with its constant force profile
throughout the range of motion, offers several advantages.
A major benefit is the simplicity in user control. By delivering
a predictable, steady force regardless of finger flexion,
it reduces the cognitive load required from the user. This
type of control is particularly helpful for users who perform
repetitive tasks or need a consistent level of grip strength
across various activities. Research supports the idea that
reducing variability in the force profile can make prosthetic
hands easier to control, especially for repetitive tasks that
demand less fine-tuning in terms of force application.
For example, a constant force allows users to focus on
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task execution rather than actively managing grip force
[24], [25].

In contrast, Bebionic features a variable force profile,
where force increases progressively as the fingers flex. This
more closely mimics the behavior of the human hand, where
greater force is exerted in more closed positions. This design,
combined with the precisely predetermined trajectory of the
phalanges, is more focused on the execution of pinch grasps
and favors the precision manipulation tasks involving small
objects. However, this comes at the cost of complexity,
as more sophisticated control algorithms are required and
users need to be more engaged in controlling the hand, which
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may increase the cognitive load compared to a constant force
system [26].

Based on the results obtained, it can be concluded that the
analysis is fairly accurate in predicting the behaviour of the
fingers of both hands in terms of force at the fingertip.

TABLE 1. Normalized fingertip force of Adam’s Hand for each of the
seven tested configurations: experimental sample mean (uexp), standard
deviation (cexp), 95% confidence interval for the mean value (95% CI),
theoretical prediction (F7) and percentage deviation between F; and
wexp (%A).

Adam’s Hand
Test  freap Ceaxp 95% CI Fqy Yo A
Tl 0.932 0.034  0928-0.936 0936 0.35
T2 0.887 0.021 0.884-0.889  0.941 5.71
T3 0.921 0.027  0918-0.925 0964 4.44
T4 1.000  0.035  0.996 - 1.004 1.046 442
TS5 0.993 0.017  0.990 - 0.995 1.046  5.04
T6 0.967 0.015  0.965 - 0.969 1.014  4.66
T7 0.966 0.019  0.964 — 0.968 1.000  3.42

TABLE 2. Normalized fingertip force of Bebionic for each of the seven
tested configuration: experimental sample mean (iexp), standard
deviation (cexp), 95% confidence interval for the mean value (95% Cl),
theoretical prediction (Fy) and percentage deviation between F; and
wexp (%A).

Bebionic
Test  fteap Oecap 95% CI Fy %A
T1 0394  0.018 0391-0.397 0407 3.23
T2 0.521 0.013 0519-0.522 0549 523
T3 0.606  0.015 0.605-0.608 0.653 7.14
T4 0852  0.026 0.849-0.855 0.887 3.96
T5 0906  0.037 0902-0.909 0910 047
T6 0946  0.033  0.942-0.950 0969  2.39
T7 1.000  0.023 0997-1.002 1.028 2.75

V. CONCLUSION AND FUTURE DEVELOPMENTS

In this paper, two externally powered prosthetic hands,
namely Adam’s Hand and Bebionic, were analyzed, focusing
on the mechanical characteristics and performance of the
fingers. For both architectures, relationships were derived
that give the force at the fingertip as a function of actuation
input, spring torque, as well as geometric parameters. The
numerical results were compared with the measurements
of the finger force taken using a dedicated test bed that
was designed aiming to simplicity and flexibility. Those
requirements are dictated by the intention to end up with a
test facility at the same time cost-effective and suitable for
end-of-line quality control of such devices like the upper limb
prostheses. Future research will be focused on refining the
analysis proposed here by introducing loss terms and inertial
effects, as well as improving the test bed as for ease of use
and speed of execution of the experimental campaign.
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