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Abstract This work is part of the ProMain project that concerns the modeling and
the design of a soft robotic hand prosthesis, actuated by artificial muscles and con-
trolled with surface Electromyography (EMG) signals. In a first stage, we designed
a robotic finger based on the equivalent mechanical model of the human finger. The
model takes into account three phalangeal joints, flexion and extension movements
are studied. The robotic finger has three Degrees of Freedom (DoF). The finger is
designed to be under-actuated and driven by tendons, i.e. only one servo motor actu-
ates the whole finger, and the motor is coupled to the finger mechanism through two
flexible wires. As the aim is to design a robotic hand prosthesis that uses artificial
muscles, we propose and carry out two experiments to characterize the specifica-
tions of the actuator. The first experiment measures the pinch force of the human
finger, and the second measures the achieved force using our robotic finger and five
different servo motors. It allows us to enhance experimental results with the mathe-
matical model of the finger, to identify the requirements of the artificial muscle.

1 Introduction

In the domain of robotic prostheses, the main challenge is the design of well sized
mechatronic limbs and smart controllers that should help people to achieve desired
movements. Up to now, several robotic hands have been designed to accomplish
dexterous manipulation tasks, imitating the behavior of the human hand. One ex-
ample is the KH Hand [1], which is anthropomorphic, uses DC motors and has
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five fingers and 15 Degrees of Freedom (DoF). Likewise, the Shadow Hand [2] has
five fingers and 20 DoF, and uses pneumatic actuators. Furthermore, the HIRO III
hand [3] has 15 DoF and is actuated by DC motors, and has an interesting appli-
cation because it was designed to be a haptic device with force feedback in the
fingertips.

However, despite their potential, the hands present in the state of the art have
drawbacks that hinder them to be used as a hand prostheses. The main disadvantage
is the rigid behavior. The human hand is versatile and due to its adaptability and
flexibility it is able to achieve different tasks in an accurate way. Consequently, to
design a robotic hand prosthesis, it is necessary to add adaptability and flexibility as
a main design requirement.

The utilization of smart and soft materials has led to the development of new
adaptive devices (known as soft robots [4]) for physical rehabilitation and improve-
ment of human skills. Particularly in the field of soft robotic hands, some works
have been conducted: the UB Hand [5] and the Pisa/IIT hand [6], which are good
examples of the development achieved. Even the DLR Hand II [7] can be considered
to has a soft behavior due to its driving mechanism that is based on tendons.

Concerning the smart materials for artificial muscles, significant studies are cur-
rently being pulled off to develop new actuation strategies, but these technologies
are still far from implementation in anthropomorphic robotic hands [8]. The first
step in the development of artificial muscles for a robotic hand prosthesis is the de-
termination of the actuator requirements. Consequently, ProMain project intends the
development of a soft robotic hand prosthesis, with artificial muscles and a control
system based on surface EMG signals.

The artificial muscle’s requirements are closely related to the robot’s features as
the used mechanism, the desired level of softness, and the task to be performed.
Therefore, it is necessary to develop a mathematical model to describe the robot
and the task, allowing the analysis in a more general way. The mathematical models
for robotic hands are based on the kinematic and dynamic analysis of its articulated
chains. Usually, the Denavit-Hartemberg (DH) parameters [9] are used to model
any kind of articulated chains. The main drawback of the DH parameters utilization
is the limitation of active rotations because they are only possible around z — axes
of each reference, and a new frame must be added if an extra rotation is needed.
Furthermore, the use of homogeneous matrices can cause singularities due to the
presence of non-considered rotations introduced with soft materials.

Therefore, in this paper, we adopt the kinematic model DHKK-SRQ [10], that
allows to know the complete kinematic of the finger, considering the soft behavior of
the robot. The model uses the so-called DHKK convention [11] (which corresponds
to the DH parameters, modified by Khalil and Kleinfinger) and express the soft
rotations using quaternions. Concerning the task to be performed, the interaction
with the object is very important, and it is usually modeled using the postural [5]
and the adaptive synergies [6]. The DHKK-SRQ also takes into account the shape
and inertial forces of manipulated objects. The proposed dynamic model uses the
principle of virtual displacements and virtual works [12].
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Artificial muscle’s requirements are linked with the robot mechanism, so we use
the finger of the ProMain-I [10] hand as the prototype. This finger is the result of
a morphological optimization process [12] and consists of three phalangeal joints
with flexion - extension, (i.e. 3 DoF). The finger is designed to be under-actuated
and driven by tendons, so, only one servo motor actuates the whole finger, and the
motor is coupled to the mechanism through flexible wires.

Two experiments are presented to identify the actuation characteristics, the first
measures the human force and the second evaluates if classical servo motors fulfill
the human hand requirements. The second experiment consists of two stages as
follows:

1. Test the finger with five different servo motors, measuring the fingertip force
and calculating the motor torque using the kinematic and dynamic model.

2. Measure the pinch force, using a test platform where two fingers are placed
facing each other (in pinch position), to validate that the grasping force corre-
sponds to the double of the fingertip force.

Experimental data are analyzed using the kinematic and dynamic models to de-
fine the characteristics of the artificial muscle. The obtained results indicate that new
actuation technologies can fulfill the force, speed and displacement requirements of
a robotic hand prosthesis. This progress is encouraging and permits to follow new
directions in the research of smart materials for artificial muscles in robotic hands.

Furthermore, the layout of this paper is as follows. First in section 2, we intro-
duce our finger prototype and its modeling. Then, section 3 shows the experimental
set-up and the measures. Subsequently, section 4 exposes the data analysis and the
definition of the artificial muscle requirements.

2 Under actuated Robotic Finger ProMain-I

Our prototype is a bio-inspired tendon-driven finger [12] composed of three joints:
the metacarpophalangeal (MP), the proximal interphalangeal (PIP) and the distal
interphalangeal (DIP). All the joints have one DoF to perform flexion and extension.
The finger is controlled by only one servo motor, and the drive mechanism uses two
tendons for transmitting motion, one for the flexion and one for the extension, as
shown in Figure 1. Considering that the tendons are fastened to the motor pulley
and the fingertip, the clockwise rotation of the actuator produces the flexion, and the
counterclockwise rotation produces the extension.

Due to the under actuation, the rotation angle of the PIP and DIP joints are linked
with the rotation angle of the MP joint. The relation between the angles is approxi-
mated with 6, = 0.230; and 63 = 0.720;, where 6, is the MP joint angle, 68, is the
PIP joint angle and 65 is the DIP joint angle. Furthermore, the parameters [, [ and
I3 are the lengths of the proximal, medial and distal phalanges, as shown in Figure 1.
For the kinematic analysis, the hybrid DHKK-SRQ model [10] is used, and the dy-
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namic model uses the virtual displacements and the virtual works approach [12].
The kinematic and the dynamic models are presented in the following subsections.

L | L L3

Joint 1 Joint 2 Joint 3

) (MP) 6, (PIP) 6, (DIP) 65
Extension
tendon N
)
Flexion /
tendon

Figure 1: Finger mechanism.

2.1 kinematic model of the ProMain-I finger

The DHKK convention, allows the representation of open-loop and close-loop kine-
matic chains, and presents a convenient definition of the axes z;, which corresponds
to the rotation axis of the i/’ joint. The angle of rotation around z; is denoted by 6;,
and is applied using the transformation matrix that is described in Eq. (1). The ma-
trix =17} results of the application of: 1) a rotation ¢; around x;_1, 2) a translation
a; along of x;_1, 3) a rotation 6; around z; and 4) a translation d; along of z; [11].
The parameters o, a;, 6; and d;, are known as the DHKK parameters, a graphical
representation of the parameters is shown in Figure 2.

cos 6; sin 6; 0 a;
sinG;cos o; cosB;cosq; sino; sin o;d;
sin@;sino; cos6;sinQ; cosq; cosoyd;

0 0 0 1

T = (1

Consequently, the kinematic of a robot composed of n joints is the matrix °7;,,
which is a composition of the orientation of the end effector °R,,, and the position
vector [°P*.0 By © PZ], as shown in the following expression:
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Figure 2: Graphical representation of DHKK parameters [10].

We consider a quaternion as a vector represented in the hypersphere S3[13],
which is centered at the origin of the frame. We represent a rotation of a vector r,
with value 7y, around the vector n as NRN, where N = [cos(y/2),nsin(y/2)] is
the quaternion that corresponds to the vector n, R = [0,r]] is the quaternion that
correspond to the vector r, and N is the conjugate of the quaternion N.

Likewise, in the 3D space, a group of rotations with angles «, 3, 0 applied to the
vector r around the axes x,y, z, as shown in Figure 3, is expressed as:

XYZRXYZ 3)

where X = [[cos(/2),xsin(0/2)]

Y = [[cos(B/2),ysin(B/2)]
Z =[cos(6/2),zsin(6/2)]

Figure 3: Combination of rotations ¢, 8 and 6 of /2 rad around x, y and z. [10].

The hybrid model DHKK-SRQ unifies the DHKK parameters with multiple sets
of quaternions, using an optimal analysis of the available sensor feedback. Thus,
each i joint (for i = 1,...,n where n is the number of joints) is considered as

an element that has a hybrid (i.e. rigid and soft) behavior. Consequently, the i
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joint is modeled, in a first step as a rigid element, with only the rotation 6; around
z;. Subsequently, the rotations ¢; and f3; around axis x; and y; are added using the
hypersphere S 13 centered in the joint frame. As a result, the model can apply rotations
in all axes avoiding to add any extra reference frame.

Initially, the rotations are performed using the homogeneous matrices that are
given by Eq. (1), and the kinematic of the rigid joints results from Eq. (2). After-
wards, we formulate the extra rotations (those that appear from the low stiffness
joints) o and fB; using SRQ. Additionally, if SRQ is active, then the rotation 6; is
formulated using a quaternion; so that, the set of quaternions for each i'” joint is like
the proposed in Eq. (3). The equivalent kinematic model of the finger is shown in
Figure 4.

Xf
7 Bs
(7]
s3 %)
Yr 3 2
Y3S%' ZZ 92
="
Y2 .
s B
M1 %, 0,4

Figure 4: kinematic model of the robotic finger.

The frame (x;,y;,z1) and the hypersphere S% are associated to the joint 1 (MP).
The frame (x2,y2,2z2) and the hypersphere S% are associated to the joint 2 (PIP). And
the frame (x3,y3,z3) and the hypersphere S% are associated to the joint 3 (DIP). The
frame (xs,yr,zr) corresponds to the fingertip position. Table 1 shows the DHKK
parameters of the ProMain-I finger.

i|la a d 6
1 0o 0 0 6
210 L4 0 6
310 L 0 65
flo 5 0 o0

Table 1: DHKK parameters of the ProMain-I Finger.
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2.2 Dynamic model of the ProMain-I finger

The equivalent dynamic model of the finger is shown in Figure 5. wy, wy and w3
are respectively the weights of the proximal, medial and distal phalanges, and are
placed at the coordinates (x},y)), (x5,¥5) and (x5,y5). fr is the applied force that is
equivalent to the reaction force.

Figure 5: Dynamic model of the robotic finger.

The proposed dynamic model uses the principle of the virtual displacements and
virtual works [12]. The virtual work 6W is calculated for the external forces (e.g.
weight, applied force and input torque) in Eq. (4) and the inertial forces (e.g. cen-
trifugal forces) in Eq. (5).

W, = QL ér, “)

where Q7 is the external forces vector and 8, is the virtual displacement vector of
the forces application points.

SW, = Mg’ &r, (5)

where M is the diagonal mass matrix composed with the masses m; and inertias J;.
The index i is used to denote the i’ joint, and the index 1 (i.e. without dot) is used
to notice the independent coordinates. ¢’ is the second derivate with respect to the
time of the g vector shown in Eq. (6), and represents the acceleration vector. And
dr, is the virtual displacement vector of the inertial frameworks.

q= [x/17y/17617x/27y/27927x/27y/2791} (6)

The dynamic equilibrium is given by 847 [M§ — Q,] = 0 when substituting Eq. (4)
and Eq. (5) in W, = 6W,. In order to solve the equilibrium equation, considering the
movements restrictions, it is necessary to separate dependent and independent coor-
dinates. The separation is performed using the transformation proposed in Eq. (7),
as result we have the equilibrium defined by Eq. (8), which is separable.

p.
q= 8.8~ | ™
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where C,q is the jacobian of dependent coordinates, Cy, is the Jacobian of indepen-
dent coordinates and I is the identity matrix.

8qLB"MG—0.]=0 (8)

Solving Eq. (8), we obtain the dynamic function which gives the input torque
71 as function of the force fg and the kinematic ¢, ¢, . The resulting expression is
shown in Eq. (9), where we use the abbreviations C; := cos(6;) and S; := sin(6;).

H; —41,H —|—H11(1252 —4)
815, —32

where H; = 2[1291 (L(my +my)Sy —4my — 6m2)S%
H, = 7m21%5%éz/2
H; = ((3% + 36, + 2¢)my + (Zéz +g)m3+mig—2fr)bS>
Hy = (mahbCol1Cy 6y + 365 (ma +2m3)C3) /4
Hs = L (2m3§> +m313C305 + myii ) Ca /2 + 2m3135303
Hg = (—6g — 631 )my + (—4¥kr —4g)ms + 8 fr —dm g + 24,6,
Hy = (m1 +3my/2)136,C? /4
Hg = églg(l’ﬂz +2m3/3)Cy +2m315Cs é3/3
Hy = 4m3j, /3 +2myy)
Hio= (Hy+Hs+Hy+ Hs + Hg)S|
Hy = 8(H7 + 34 (Hg +H9)C1/8 +J; 61)

T (fRaQaQaQ) = (9)

3 Experimental set-up

With the aim of defining the actuator characteristics, we held two experiments. The
first measures the human pinch force, that is compared with the force achieved by
a servo motor through a second test. In the following subsections, both experiments
are described.

3.1 First experiment: Measure of the human hand pinch force

The pinch force can be considered as the force applied by two fingers of the hand,
usually the index and the thumb fingers. The applied force must be adapted to the
object’s weight, acceleration, surface texture, contour and structure [14]. Conse-
quently, the measure of the pinch force have to be customized to each problem [15],
and that is why in this study we carried out an experiment suited to our requirements.

The force is measured in a group of five healthy subjects between 24 and 32
years old, all of them are males. The sensor is a hand dynamometer Vernier™ D-
BTA, suitable to measure the pinch force, whose characteristics are: 1) accuracy of



Requirements for artificial muscles to design robotic fingers 9

0.6N, 2) resolution of 0.2141N and 3) operational range from 0 to 600N. The data
is collected using a digital oscilloscope connected to a computer. Figure 6 shows
the scheme of the experiment. Each subject is asked to apply the maximal pinch
force during a period of 15 seconds. To avoid fatigue each subject perform only
three trials. Results presented in Table 2 correspond to the mean value of the pinch
force performed by each subject, and the corresponding standard deviation of each
measure.

Dynamometric Single signal Mean signal analysis
Measures capture
T .- (Y : Aﬁ \iJ

Figure 6: Experimental set-up to measure the human pinch force.

Subject Mean pinch force [N] Standard deviation [N]

1 6.74 0.95
2 6.45 0.08
3 4.97 0.21
4 6.71 0.71
5 4.80 0.33

Table 2: The mean value of the human pinch force.

3.2 Second experiment: Measure of the robotic finger pinch force

With the objective of establishing if a classic servo motor can fulfill the requirements
of the human hand, we design two test platforms. The first one is a single-finger
platform and allows to measure the kinematic and the fingertip force. The second
one is a two-finger platform and consists of two fingers placed against them. It will
be used to validate that the pinch force is equal to the double of the finger force. The
CAD models of the test platforms are shown in Figure 7 and Figure 8.

The experiments are performed using five different servo motors, two standard
and three serial, listed in Table 3. To measure the force, we used a resistive-based
force sensor Flexiforce®, that measures up to 5N. The sensor is calibrated in the
range of 0.6N to 4.8N and is placed on a support (platform) that is located in the
trajectory of the fingertip.
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Fastening point

DIP Joint

Extension tendon
PIP Joint Force Sensor

Flexion tendon

Fastening point MP Joint
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Servo Motor Adjustable

height

l

Figure 7: CAD Model of the single-finger platform.

Force Sensor

DIP Joint |

PIP Joint |

MP Joint |

Adjustable
height

Figure 8: CAD Model of the two-finger platform.

Reference Maximal torque [Nm)]

Standard servo motors HS-422 0.324
Traxxas-2065 0.225

XL-320 0.390

Serial servo motors Dynamixel AX-12a 1.50
MX-106R 10.0

Table 3: Servo motors used in the experiments.
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Furthermore, to ensure the repeatability, each servo motor is tested five times
performing the same movement. Figure 9 shows the fingertip force fg during three
repetitions of flexion and extension using the HS-422 servo motor. The force applied
by the MX-106R servo motor is higher than the sensor limit and also higher than
mean human finger force, so its value is not taken into account. Table 4 shows the
measured forces.

0 0.5 1 1.5 2 25
tfs]

Figure 9: Results of the fingertip force using the HS-422 servo motor.

Actuator reference Mean fingertip force [N] Standard deviation [N]

HS-422 2.69 0.023
Traxxas-2065 1.01 0.077
AX-12a 3.21 0.024
XL-320 2.10 0.038
MX-106R >35 -

Table 4: Mean value of the fingertip force (one-finger platform).

The servo motor that performs the force closest to the human finger force is
chosen as actuator for the two-finger platform. Consequently, we took the HS-422
servo motor for the test with the two-finger platform. Consequently, the tests with
the second platform are conducted for four different distances between fingers (50,
55, 60 and 65mm). For each distance the test is carried out five times. Table 5 shows
the measured grip force using the two-finger platform.

Distance [mm] Mean pinch Force [N] Standard deviation [N]
0.02

50 4.02

55 4.62 0.08
60 4.70 0.05
65 3.54 0.06

Table 5: Mean pinch force (two-finger platform).
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Considering that the finger performs flexion and extension in 2D, the kinematic is
measured using a high-performance CCD camera Prosilica GE-2040, which tracks
black markers placed on the finger joints and the fingertip. Figure 10 shows the
scheme of the experiment. The kinematic data is correlated with the DHKK-SRQ
and the dynamic model to identify the torque and displacement requirements of
artificial muscles. Kinematic results are presented and analyzed in the next section.

Kinematic

tracking

Force l
measuring | |

Interface for controlling the platform

Figure 10: Experimental set-up to track the kinematic and measure applied force of
the robotic finger.

4 Requirements and characterization of the artificial muscle

The main features of an actuator are the force, strain and time response. Thus, we
need to define these characteristics for the artificial muscle. Considering that our
goal is to design a robotic hand that will be able to perform precision grasping
movement, the actuator features can be established from measures of the human
hand pinch. However, it is important to take into account that the robotic finger
mechanism can modify the actuator requirements. Consequently, the proposed ap-
proach, to identify the artificial muscle requirements, is defined by three kind of
measures: 1) the human pinch force, 2) the human response time and 3) the kine-
matic and dynamic behavior of the robotic finger ProMain-I.

Pinch force requirements: Considering that our goal is to define a reference value
of the human pinch force, we have collected multiple samples from each subject
and computed a mean force value for each one, as shown in Table 2, section 3.
Thus, the pinch force is in the interval [4.80N,6.74N], and the mean value is 5.94N.
A graphical representation of the analysis is shown in Figure 11. Furthermore, we
measured the time response of the subjects, and we obtained a mean value of 0.244s
with a standard deviation of 0.06s.
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Figure 11: Human Pinch Force.

Kinematic tracking and resulting force of the ProMain-I finger: As result of
the test, we get the position vectors of the joints, i.e. the vector [OPf 0 Ply ,0] for the
jointy, °Py Y P}, 0] for the joint, and [°P},% P, 0] for the joint. Likewise the vector
[0ps ,OPJX ,0] corresponds to the fingertip position. Considering that the movement
is performed in the plan, OPf is always zero. Figure 12 shows the results of the
measured kinematic using the HS-422 servo motor.

0 0
P P
100 3 100
= 50 = 50
B =
05 1 15 2 25 3 05 1 15 2 25 3]
0 0
100 ’ 100 "
~ ~
50 £ 50
I = NSNS\ ]
05 1 15 2 25 315 05 1 15 2 25 315
0 0
P P}
100 100

x[mm]
s 3
ylmm]
o 3

05 1 15 2 25 315 05 1 15 2 25 315
(IPx (JPy
Fa f

._.
<
<

x[mmf
= 3
yimm]
o 3

05 1 15 2 25 3 05 1 15 2 25 3]

Figure 12: Results of the position tracking using the HS-422 servo motor.
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The standard deviation of the measures of the MP joint (whose position is always
zero) is 0.4733mm. Likewise, the standard deviation of the measures of the joints
PIP and DIP are 0.1848mm and 0.5598mm respectively. The standard deviation of
the measures of the fingertip is 1.6069mm.

Furthermore, when the test is carried out with the two-fingers platform, one finger
behaves as an obstacle to the other one. Thus, the experiment shows that the relations
of the angles are different from the proposed ones given in section 2. This difference
in the angles behavior is not an issue as we are tracking all the movements and
updating the kinematic with the DHKK-SRQ model.

Concerning the fingertip force and the pinch force, the lower difference takes
place when the distance between the fingers is 60mm. In that case, the force applied
by each finger is the half of the total pinch force, that is 4.70N /2 = 2.35N. Thus, the
difference with respect to the force measured using the same actuator (with a mean
value of 2.69N) and the one-finger platform is 0.34N.

Analysis of results: Summarizing the obtained results, we can state that if we at-
tempt to reproduce the pinch properties of the human hand, the actuator must fulfill
the following features:

e The torque should be enough to produce a fingertip force of 2.96N with a time
response of 0.244s.
e The actuator should be suitable to produce a rotation of 7/2 rad.

To calculate the required torque to apply a force of 2.96N using the proposed
dynamic model, it is necessary to know the vector g, which corresponds to the de-
pendent and independent coordinates of the robot and it is composed as shown in
Eq. (6). Taking into account that the orientation of (x;,y;) is the same of (x},y!), we
use the relations xﬁ = x; +1;cos 6;/2 and yf = y;+1;sin 6;/2 to calculate the vector
q. The values x;, y; and 6; correspond to the measured kinematic information. As a
result, applying the dynamic model, and using the kinematic DHKK-SRQ model,
we found out that the torque 7 (fr,q,q,4) = 74.5Nmm.

5 Conclusions

We have presented the requirements for artificial muscles to design robotic fingers.
This finger is under-actuated and based on human morphology according to arti-
ficial muscles. This finger is a mechanical chain with 3 joints driven with flexible
wires to produce more adaptive grasping movements. The proposed kinematic and
dynamic models allow us to calculate the torque requirement to mimic human finger
force. Experiments compare pinch and achieved forces for 5 different servo motors.
According to the obtained results and the performed analysis, we identify that smart
materials (e.g. ionic polymer metal composite IPMC or shape memory alloy SMA)
can fulfill the requirements of artificial muscles to design robotic hand prostheses.
Consequently, we envisage the implementation of artificial muscles, based on smart
materials, in the next prototype of our robotic finger.
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