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ABSTRACT For the last four decades, the development of robotic hands has been the focus of several
works. However, a small part of those approaches consider the exploitation of parallelism of FPGA-based
(Field Programmable Gate Arrays) systems or discuss how using bioinspired optimization algorithms could
improve the mechanical and controller components. This work considers developing a bioinspired robotic
hand that achieves motion and force control with a logic hardware architecture implemented in FPGA
intended to be replicated and executed with suitable parallelism, fitting a single device. The developed robotic
hand prototype has five fingers and seven DoF (Degrees of Freedom). Using bioinspired optimization, such
as PSO (Particle Swarm Optimization), both the rigid finger mechanism and the impedance controller were
optimized and incorporated the results in several practical grasping experiments. The validation of this work
is done with the Cutkosky grasping taxonomy and some grasping experiments with interference. The tests
proved the proficiency of this works for a wide range of power and some precision grasp. The reader can see
the experiments in the attached videos.

INDEX TERMS Bioinspired optimization, FPGA, grasping taxonomy, impedance controller, robotic

hand, SoC.

I. INTRODUCTION

Over the past four decades, there have been significant con-
tributions in the field of computer science, artificial intel-
ligence, robotics, and other related fields. This progress
has allowed the development of robotic systems that are
more capable and sophisticated, such as biomimetic robotics.
Such robots are more skilled, robust, and efficient than
other types of conventional robots when used in unstructured
workplaces [1].

There is also much effort towards building biomimetic
robotic hands, which have contributed to a better under-
standing of implementing a human hand into a dexter-
ous gripper/manipulation robot, widening its applications
through improved sensors and mechanisms [15]. One of these
improvements is tactile sensing, which uses physical signals
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to identify the phases of object manipulation, namely:
(a) non-contact to contact, (b) rotation, and (c) sliding [16].
For the application of robot hands, these phases translate
into object recognition, force control, and grasp. Tactile
sensors can measure different magnitudes, such as force
vectors, vibrations, and contact actions. On the other hand,
signal-processing techniques and modeling improve these
measurements or even estimate others when sensors cannot
read them directly. Such measures are then used for control
schemes that perform grasping tasks [17]. Efficient grasping
techniques have proven to be complicated on both implemen-
tation and computational issues, considering that the diverse
robotic hands’ components must be controlled and supervised
in parallel and real-time. Some works have accomplished
these aspects by clustering several data processing devices
in parallel. Table 1 presents a summary of some of those
works with their main characteristics and achievements. The
table includes the following key points: (1) control scheme or
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TABLE 1. Comparison with some other robotic hand implementations.

Author Control scheme Finger gear Actuators Sensors CU Freq. DoF
(Hz)
Robotic . ..
Hand (This | Impedance control FO(l.ill'-bar linkage | e otors 7 angular position, 7 cur- | SoC GA | >25000 7
Work) and worm gear rent sensors ARM+FPGA
KITECH- 16 angular position, 16 | pCU matrix
Hand [2] PID current control Spur gears 16 DC motors current Sensors (16) 333 16
C(;[al[«;;:ron ¢’ | PID control Four-bar linkage 5 DC motors 5 force sensors PC - 5
Jeong et al Neural Networks for
[4] g " | position estimation and | Four-bar linkage 6 DC motors 5 position sensors PC - 6
PID current control
Impedance control with . ) i .
Wang er al. internal PID position | Four-bar linkage 5 DC motors 5 E'ncoders, > hall posi Multiple 10 - 1|5
[5] tion; 5 torque sensors DSP (2)
control 40
LMS Hand Force control with Neu- 16 encoders (for motors),
(61, [7] ral Networks and PID | Wire-driven 16 DC motors 16 absolute encoders (for | PC 50 16
’ position control joints)
Leeeral. [8] Hyt?r} d PD Four-bar linkage 9 DC motors 9 1chem§ntal encoders, 4 PC - 9
position/force resistive force sensors
E:;ﬁ;ﬁ Impedance control and 3 encoders, 3 hall position, Multiple
Hand [9], | PD position control Four-bar linkage 3 DC motors 3 torque,v 3 force sensors DSP (2) 1000 3
on fingertips
[10]
HIT/DLR 15 position, 15 torque, g/r[gg;sor
Prosthetic Impedap?e control and Wire-driven 15 Brushless | 5 force on fingertips, 10 DSP+EPGA ) 20
Hand II | PD position control DC motors temperature sensors, tac- (6 DSP & 6
[11], [12] tile sensors. FPGA)
KNU Hand | Position control with | Worm gear and ..
[13],[14] | sliding detector four-bar linkage | 2DCMOOrs | 2 position sensors DsP : 6

strategy for grasping, (2) finger gear or type of transmission
used for the fingers movement, (3) the type of actuators used,
(4) the quantity and type of sensors used, (5) the CU or com-
putational control unit, (6) the control loop refresh frequency
in Hz, and (7) the number of DoF. It is worth noticing that
only works that included the actuators either in the palm or the
finger were considered; i.e., robotic hands with actuators in
the forearm or outside the hand were not considered.

Table 1 indicates that some implementations use PID for
force control [2]-[4]. Although this solution is simple, effi-
cient, and easy to tune, it does not control the dynamics of the
contact between the manipulator and object. The impedance
controller cannot only do this but also performs well at exert-
ing forces on the environment and achieve good robustness at
handling flexible components with unknown stiffness.

On the other hand, Table 1 also shows that the compu-
tational unit (CU) of some approaches [2], [5], [12] use
several components to achieve the required parallelism of the
controllers by using well-known micro-controllers. However,
it results in an ample physical space required by the CU and
demands implementing communication strategies between
the processing devices. Lastly, as expected, more components
mean an increase in energy consumption.

Many of the implementations depicted so far include
simplifying the complexity of the human hand to achieve
embedding. This work’s motivation follows that path by scal-
ing down the robotic system’s dimensions and complexity,
enclosing the CU in a single device or chip. This device
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should execute complex algorithms fast enough to attend to
the control loop and real-time grasping and manipulation
requirements. As mentioned before, integrating and centraliz-
ing the CU also avoids communication lag between different
devices. Finally, reducing the number of components can
also aim for a more cheap and energy-efficient robotic hand
solution.

Field Programmable Gate Arrays (FPGAs) are a good
match in pursuing this motivation. Additionally, these devices
can be fundamental in the simultaneous control of several
actuators that must be handled synchronously. In conven-
tional processors, the correct synchronization can be ham-
pered by the serial nature of executing instructions in von
Neumann-based architectures. In this way, FPGA-based plat-
forms allow the designer to implement efficient digital archi-
tectures capable of reading signals in parallel from multiple
sensors and generating many output signals through parallel
processing. They have been used to implement algorithms
for parallel motion control of fingers for piano playing [8].
Another example [18] asserts the importance of the usage of
parallelism for tactile sensing in robotic hand applications.
Other potential advantages of FPGAs, although not guaran-
teed, are the possibility of achieving more energy-efficient
architectures that can be scalable to more complex systems.
Nevertheless, the main drawback of using FPGAs to embed
control algorithms is the necessity of proficiency in hardware
development from the designer and longer design time, which
is greater than developing software.
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This work’s primary goal is developing a bioinspired
robotic hand that achieves motion and force control based
on the previously developed logic hardware architecture vali-
dated for a single finger [19]. In this sense, this work explores
a suitable manner to parallelize the impedance controllers
for a complete 7-DoF robotic hand, fitting a single FPGA
device. The developed robotic hand prototype has five fingers
and seven DoF (Degrees of Freedom). The prototype consists
of seven DC motors, seven position-sensors, and six current
sensors processed in parallel.

This work’s contributions are the following: (a) A novel
experimental setup process for implementing a bioinspired
robotic hand with an embedded controller using recon-
figurable hardware FPGA/SoC (System on a Chip). This
approach’s main advantage is its capacity to control several
DoF in parallel using a single chip that’s relatively cheap and
energy-efficient, different from other works that need to use
a grid of micro-controllers or big processors. (b) The robotic
hand fingers are based on the novel bioinspired optimized
mechanism in [20], which was vital in reducing the number
of needed actuators and allow their inclusion in the palm.
Additionally, it also allowed incorporating the sensors and
electronics in the palm, avoiding external elements. (c) A
new approach for tuning an impedance controller’s param-
eters using a bioinspired Opposition-based learning Parti-
cle Swarm Optimization algorithm (OPSO). We portray the
OPSO tuning methodology and believe that it be extended for
other applications where impedance control can be useful.
There is no literature about tuning impedance controllers
using bioinspired algorithms to the best of our knowledge.
In this work, this controller is used to achieve the robotic
hand’s dynamic and force control to perform grasp without
having tactile sensors. (d) Finally, this work presents real
experiments of the proposed FPGA/SoC-based bioinspired
robotic hand for the first time. The conveyed experiments
consisted of testing several grasping positions using the
Cutkosky taxonomy and executing some of those grasps with
external interference. With these experiments, we success-
fully demonstrate the robotic hand capabilities analytically
and critically.

This paper is organized as follows: Section I describes the
robotic hand mechanical and electronic design, describing the
fingers’ optimization and listing the used electronic devices.
Section II depicts the impedance controller that implements
the force control and its tuning using bioinspired algorithms.
Section III develops the embedded FPGA/SoC-based system
that executes this control, using hardware/software co-design.
Section IV unfolds a performance analysis of the previously
mentioned embedded system, comparing it to other solutions.
Finally, Section V describes the experiments that were carried
out to validate this work’s results.

Il. HAND DESIGN

Human hands have 31 muscles and 19 articulations that
actuate at least 25 DoF (Degrees of Freedom) [21]: four
in every upper finger, of which three are responsible for
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FIGURE 1. DoF of a human hand. Where DIP is Distal-Inter-Phalangeal
joint, PIP is Proximal-Inter-Phalangeal joint, MCP is
MetaCarpal-Phalangeal joint, TMC is CarpoMetaCarpal Joint, fe is
flexion-extension, and aa is abduction-adduction.

flexion-extension and one for adduction-abduction; four in
the thumb, where two are for flexion-extension and two for
opposability. The rests lay on the palm and wrist’s rotation
and translation.

Fig. 1 illustrates the large number of joints or DoF of
a human hand. Ideally, a biomimetic hand should emu-
late all DoF. However, this achievement has proven to
be very difficult due to space, energy, and other physical
restrictions. Recent solutions to this problem have involved
reducing the number of fingers [2], locating the actuators
outside the hand to achieve a similar amount of DoF in the
robot [22], [23], transforming and reducing the number of
DoF [3], [4], [16], [24].

For the final solution, this work takes advantage of the
fact that some joints in the human hand restrict the state
of others [21]. Therefore, their movement set is constrained
and defined mathematically regarding other joints. With this
in mind, different human hands’ DoF can be hierarchized
according to the relevance of its actions when performing
particular tasks, such as grasping [25]. Table 2 lists the most
relevant joints of the human hand, where aa and fe states
the movements of the MCP and TMC joints for the front
and thumb fingers, respectively. The joints with a “no” are
sub-actuated according to the others’ state, and yes indicates
the actuated joints. Table 3 defines the mathematical relation
of the constrained ones.

Figure 2 presents the proposed kinematic structure.
It depicts the five fingers and their joints as sixteen rotatory
joints, seven actuated while the rest behaves according to the
constraints seen in Table 3.

Table 4 shows the ranges of the joints and phalangeal
length of the fingers, which were established based on real
human hand for Latin-American individuals [26].

The parameters on Table 4 establish the robot’s workspace,
which is the total volume the fingertips can reach when
combining every possible joint configuration [27]. Fig. 3
exhibits the proposed robotic hand workspace using a cloud

VOLUME 9, 2021



S. A. Pertuz et al.: Development of Robotic Hand Using Bioinspired Optimization

IEEE Access

TABLE 2. Ten more relevant human hand joints when performing
grasping tasks. Refer to Fig. 1 for the positions of the joints. Adapted from

Cobos [25].

No.  Finger Articulation Is used in this work
1 Thumb 0t TMC_aa yes
2 Thumb 9,5 ,TMC_fe yes
3 Index 0i, MCP_aa yes
4 Index ei’p[pife yes
5 Middle 0., pmrcP_fe yes
6 Middle em,p[p_aa no
7 Ring OrMCP_fe yes
8 Ring 0, PIP_aa no
9 Little 01, MCP_fe yes
10 Little 0, ,PIP aa no

TABLE 3. Interphalangeal constraints for the actuated joints. Adapted

from Cobos [25].

Z [mm]

6
X [mm]

Y [mm] 5 8 10

FIGURE 3. Robotic hand workspace.

Thumb Index Middle Ring Little
0t 7MC aa
0i,MCP_aa
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20u,p1P_fe 30i,pIp 30m, PP 30rp1P 30,pip
0 0i,p1p = | Ompip = | O pip = | O,pip ~
t,DIP ) 3p P 0
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\ 0r.DIP fe \|om.DIP_fe
\0I.DIP fe 6i,DIP_fe
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LPIP_fe OLPIP_fo
or P fe
. - . ' 6i, MCP_fe
0L, MCP_fe 6m,MCP_fe

6i,MCP_aa

0LDIP fe
O0LTMC aa  OLMCP_fe

»
o
FIGURE 2. Kinematic structure of 7 DoF simplified robotic hand. Actuated

joints are highlighted in red, the other ones are sub-actuated according to
Table 3

TABLE 4. Kinematic parameters of the robotic hand.

Phalangeal lengths of the finger [mm]

M o
Joint Thumb Index Middle Ring Litle 20 (%]
MOP aa - 7 - - - - 15
TMC_aa 38 - - - - 0-90
MCP_fe 3767 4577 5136  47.60 3767 0—90
PIP_fe - 2575 3030  29.51 2084 0—67.5
DIP_fe 2084 1820 2002 1990 1836 0 —45

of fingertips’ points. It illustrates the intersections between
the upper fingers and the thumb, validating its opposability.
This figure also denotes that the middle, ring, and little fin-
gers’ workspace is a 2-dimensional spline due to the single
DoF they possess. The following subsection describes the
resulted design for the fingers using a four-bar linkage mech-
anism and how it was optimized to perform the constraints
depicted in Table 3.

A. MODELLING AND OPTIMIZATION OF ROBOTIC FINGER
MECHANISM

Pertuz et al. [20] proposed a robotic finger mechanism that
located the actuators in the palm of the robot hand, which is
useful when the robotic hand needs to be adapted to larger and
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FIGURE 4. Coupled 4-bar mechanism. (a) Finger fully extended; due to
the mechanisms self-lock feature, in this position, it only allows
counter-clock wise movement input, (b) Finger upon input movement in
61, and (c) Fully flexed finger.

more complex systems [15]. The drawback of this approach
is that the space in the palm and finger of a human-sized robot
hand is minimal, thus the necessity of reducing the number of
DoF.

The fe movements of the fingers are sub-actuated with
1 DoF, i.e. they have a single motion input and the other
joints move at a certain proportion, through a four-bar linkage
mechanism. Fig. 4 presents the mechanism and its motion
path, the input of the mechanism is 6; (from here onwards
the MCP, PIP, and DIP joints will be referred as 6, 6>, and
03, see Fig. 1).

Fig. 4(c) also describes two fingertip trajectories: 1) the one
developed by the mechanism using trivial link lengths named
as mechanism’s fingertip path, and 2) the one generated by the
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TABLE 5. Optimized decision variables for the coupled 4-bar mechanisms
of the robotic hand for all fingers. Values are in mm.

Proximal-Medial Link Medial-Distal Link
Pa2t Pa2j La1 Ly P2t Pa2j La1 Lpy
Ring 3.26 344 46.09 598 3.12 344 27.64 6.59
Index 3.14 3 4432 575 3 3 2412 5775
Middle 2 2 50.1 5.56 3.75 329 2852 575
Little 2.56 293 3595 633 4.1 282 17.64 6.14
Thumb 2.56 293 3595 6.33

Distance [mm]

— Target Trajectory

—Trajectory DE

—Trajectory PSO

—Trajectory DE/PSO ] | |

50 0 50 100
Distance [mm]

>

FIGURE 5. Optimized fingertip paths using PSO and DE.

constraints on Table 3 referred as desired fingertip path. For
both trajectories, the proximal, medial, and distal phalanges
have the values listed in Table 4. The first path depends on the
mechanism’s link lengths and is expected to fit the second.
The solution to this problem is not straightforward; however,
it can be seen as an optimization problem where the variables
are the link’s positions, and the objective is to fit the fingertip
path.

In order to optimize the four-bar mechanism, the bioin-
spired optimization algorithms PSO (Particle Swarm Opti-
mization) [28], DE (Differential Evolution) [29] and GA
(Genetic Algorithm) [30] were used. The results of each
algorithm were analyzed, compared, and selected for a final
prototype. The optimization was performed for one finger
and adapted in proportion to the others. The decision vari-
ables are listed in Table 5 and Fig.5 illustrates the optimized
mechanism’s fingertip path for the index finger. The readers
are referred to [20] for more details regarding the mechanical
design optimization procedure.

B. DESIGN AND ASSEMBLING

This project enclosed the novel four-bar finger mechanism
optimized in previous work [20]. It allowed to reduce the DoF
and thus the mechanical components of the flexion-extension
and adduction abduction movements, permitting them to be
enclosed in the palm. The robotic hand was built using mainly
3D printed parts; however, we used other manufacturing pro-
cesses for the metallic pieces. The finger mechanism depicted
in the previous subsection is anthropomorphized for a better
appearance, as shown in Fig. 6.

The motors used in this project are low-power brushed DC
motors (200 RPM and 0.28 Nm) and actuate the mechanism
through a worm gear to bring more grasping torque. The
worm mechanism also allows rotation of the movement axis
90°, easing the location of the motors (see Fig. 6(c)).

The thumb and index fingers’ configurations have extra
actuated joints for their aa movements. This project proposes
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FIGURE 6. Antropomorphed index finger mechanism. (a) CAD with
transparent finger depicting the phalanges and the links of the
mechanism, and photos of (b) the proximal-medial and medial-distal
links, and (c) the assembled finger. Most of the robotic hand was 3D
printed with ABS plastic except for the worm gear and links that are
fabricated in aluminum.

(a)

A Conf.2:
g Index
Actuators

Conf. 3:
Remaining
Fingers

Actuators \
Conf. 1:

Thumb
Actuators

FIGURE 7. Assembled Robotic Hand. (a) Render of assembled robotic
hand with the locations of the actuators and extra DoF of the index and
thumb. (b) Real picture of the assembled robotic hand.

three different finger configurations (see Fig. 2 for viewing
the joints), as follows. (1) Configuration 1 (Thumb): 2 DoF
(aa and fe) and 3 joints. (2) Configuration 2 (Index): 2 DoF
(aa and fe) and 4 joints. (3) Configuration 3 (Remaining
fingers): 1 DoF (fe) and 3 joints.

The extra DoF of the thumb and index fingers were added
as seen in Fig. 7(a). Fig. 7(b) also illustrates the prototype
robotic hand’s final result.

The thumb opposability of this work can be quantified
using an adaptation of the well-known Kapandji clinical
test [31]. This test assesses the thumb’s opposition by check-
ing its ability to touch a specific part of the hand. They
are ten tests/positions in increasing difficulty, with the eas-
iest consists of touching the proximal phalanx of the index
finger and the hardest is to touch the distal palmar crease.
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FIGURE 8. Kapandji Test for robotic hand. (a) Position six: thumb touches
the little finger. (b) Position ten: thumb touches distal palmar crease.
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FIGURE 9. Schematic diagram the Robotic Hand Acquisition Unit (AU) and
Controller Unit (CU). The entire AU is embedded in the palm while the CU
is the arty board that is located outside. On the south-west corner is a
photo of the custom PCB of robotic hand.

Fig. 8 depicts two of the most representative Kapandji tests
(six and ten) validating this work’s thumb opposable ability
by achieving the most challenging position.

C. ELECTRONICS

The robotic hand electronics are embedded in the palm
and, excepting the position sensor, are located in a cus-
tom PCB. The signals are accessed through an IDC 34-pin
header that connects to the controller device. Figure 9
illustrates the schematic of the controller dividing it into
two parts the Acquisition Unit (AU) and the Controller
Part (CU).

The AU includes the motor drivers (DRV8833), the cur-
rent sensors (ACS712), and some other power regulation
ICs (Integrated Circuits). It also has connection pins for the
IDC breakthrough and sockets for the DC motors and the
analog angular position sensors. The PCB has dimensions
of approximately 80 x 52mm and has an irregular form
designed to fit in the palm (See Fig. 9). The CU consists of the
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FIGURE 10. Schematic diagram of the impedance model in the robotic
finger.

Arty Z7-20 development board. It contains an XC7Z010 SoC
(System on a Chip) that includes a Zynq®-7000, an Artix ‘M-
7 FPGA (Field Programmable Gate Arrays), and a Dual-Core
ARM®Cortex®-A9 at 667MHz. The chip also includes a
XADC (Analog to Digital Converter) necessary for the cur-
rent and position sensors.

Ill. DESIGN OF THE ROBOTIC FINGER FORCE
CONTROLLER

Several approaches can be implemented when attempting
to grasp with a robotic hand [32]. This work considers a
scheme that plans to grasp an object whose physical charac-
teristics are unknown using only position and motor current
to estimate the fingers’ torque, avoiding tactile sensors. The
amount of torque/force is controlled by the algorithms in
order to sustain a stable grasp. Previous works have already
considered this approach [33], [34].

Impedance control is adopted to control the torque pro-
duced by DC motors of the fingers. An impedance controller
aims to control the dynamics a robot has when interact with
its environment [35], [36]. Fundamentally, the impedance
controller is defined as a second-order dynamic system, such
as a mass-damper-spring system, with adjustable parameters.
A decoupled and linear behavior is considered in this work,
i.e., every finger has an independent controller with torque
and position feedback, see Fig. 10. The controller is repre-
sented by Eq. 1

Mri(t) + Bro(t) + Kro(t) = F(t), 60

where F is the resulting force of the system, M, B and
K are mass, damping, and spring coefficients, respec-
tively, and r is the distance between the first joint and the
fingertip.

The control parameters, M, B, and K, can have any value;
however, their tuning can be complicated for stable system
response. The tuning of control parameters of several types
(PID, Neural Networks, and others) using bioinspired opti-
mization algorithms have been implemented in [37], [38].
This work proposes implementing an OPSO (Opposition-
based learning Particle Swarm Optimization) algorithm to
tune the impedance controller’s parameters with torque feed-
back and a closed-loop to achieve the desired response for a
step input.
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FIGURE 11. Dataflow of finger simulator impedance controller (k=1 to 7).
The colored lines highlight the data-path that the control interface
override for testing (See Chapter II1.C).

A. IMPEDANCE CONTROLLER SCHEME AND SIMULATION
The implementation of Eq. 1 as the controller of the system
is done using a discrete integration method [39]. This is
described through three steps:

1) Discretize Eq. 1 as follows:
ot + D=Mr)"\F@) — Kr 0() — Br o)) (2)

where the Force F on Eq. 1 is replaced with the Force
Error at a moment ¢, F(t), 6(t) is the tracking position
error and 6 is the tracking angular speed error.

2) The product of the previous step is the target angular
acceleration at the next step ¢ + 1; 5*([ + 1), which is
integrated to obtain the tracking angular velocity:

t
o' (t+1)= / a*(t + 1)do 3)
t—1

3) Finally, the tracking angular position, 6*(t + 1),
is obtained integrating the tracking velocity.

t
0¥t +1) = / ®*(t + 1)do “@
1—1

Fig. 11 presents the block diagram for the control scheme
for a k DoF and its data-flow. This model aims to detect
objects that obstruct the movement upon closing the finger
and maintain a desired gripping force i* (measured with the
motor current iy directly considering it is directly propor-
tional to the force F in Eq. 1).

The Robotic Finger Simulator Block includes the friction
forces of the mechanism and the action of an object that
hampers its movement. The simulator was designed in Mat-
lab/Simulink and includes current, position, and speed trans-
ducers. It performs a flexion movement with an object that
hampers its path. The simulator is better described in [40].

B. OPTIMIZATION OF IMPEDANCE CONTROLLER

The tuning of the impedance controller parameters is a com-
plicated and expensive procedure. One of the main reasons
is that the designer must consider coupling effects between
multiple joints. Tuning can become even more complex
when the robot dynamic has to behave with high accuracy
and high speed. The reader is referred to [41]-[43] to find
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Algorithm 1 Pseudo-Code for the OPSO Algorithm
1: function OPSO(S, N, ci, ¢, Maxje,, OBLMax;,,,

threshold)

2 Start swarm;

3 iter = 1

4: OBLjter = 1

5: repeat

6 forido1S

7 if f (xk) < f (vir) then

8 Yik < Xk

9: OBLjter = 1

10 calculate y using the S fitness values f (vix)

11: forido1S

12: forjdo 1 N

13: g—H) <~ wvg) + ClUlj(yg-) — xi<j-t)) +
2 Uzj(yg) - xi(jt))

" LD 0 |, (41

R B

15: OBLjjer = OBLjjer + 1
16: if OBLi[er > OBLMaxi,er then

17: XD g4 b —x®
18: OBLj1pr <1
19: iter = iter + 1

20: until (f (yy,) < threshold)||(Iter <= Maxiz)
21: return ypes

several approaches for auto-tuning impedance controllers.
This problem can be addressed with bioinspired optimiza-
tion algorithms such as PSO (Particle Swarm Optimization),
as explored in this work’s mechanical design. Some related
applications of PSO tuning for robot controllers can be found
in [44]-[46]. With these examples as a basis, it is possible to
extend PSO to tune impedance controllers with little effort.

The central part of an optimization problem is the design
of the cost function. For this case, it is to track the desired
force i with the decision variables being the controller’s
coefficients (M, B, and K). It is calculated by observing the
estimated motor current and extracting some characteristics
from the response, such as (a) the over-impulse percentage
(0y), (b) the necessary time for the finger to reach collision
with the object (#,), (c) the settling time after the collision is
reached (z.) and, (d) the force tracking Mean Squared Error
(MSE). The selection of these criteria was made empirically
and are weighted according to

feost = 0.05(0;) + 0.15(1,) + 0.15(t,) + 0.65(MSE),  (5)

where the weights were decided empirically.

Due to the lack of knowledge about the coefficients, a ran-
dom initial position is fed to the algorithm. OPSO is a
modification to the original PSO algorithm that attempts to
avoid falling on local minimums. This diversification uses
the opposition-based learning (OBL) method [47] when an
individual best is not improved after a certain quantity of
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FIGURE 12. Internal architecture of the CU. The Filtering Process block is
replicated for the same amount of DoF (Degrees of Freedom) in the
robotic hand. These blocks, including the Motor Driver, are controlled and
synchronized via the AXI interface with the PS-part. The PS-part also
executes the impedance controller algorithm and the control interface.

iterations. The following algorithm describes how the OPSO
works.

The minimum error achieved by the PSO after 500 itera-
tions was 0.0725 with the decision variables of K = 5.0774,
B = 0.3450 and M = 0.0052. Finally, the resulting coeffi-
cients were tested for the simulator’s controller with a colli-
sion time of 3.565 seconds, a settling time of 0.335 seconds,
and a steady-state error of 0.012.

IV. IMPLEMENTATION OF THE EMBEDDED ROBOTIC
FINGER FORCE CONTROLLER

The robotic hand aims to embed the low-level control algo-
rithms. Some authors approach this issue by distributing
the computation between several devices to comply with
real-time constraints [2]. This work proposes, in novelty,
implementing the filtering process and the impedance con-
troller as a reconfigurable architecture in an FPGA/SoC
device. Doing so enables implementing computing-intensive
functions in parallel, in a single chip, with little compromise
to time-execution performance and energy consumption.

The Filtering Process block (presented in Fig. 12) is
the most expensive part of the control scheme. So, this
part is determined to be described in VHDL (VHSIC
“Very High-Speed Integrated Circuit” Hardware Description
Language) on the CU’s FPGA (Field Programmable Gate
Arrays), from now on referred to as the Programmable Logic
Part / PL-part). It is essential to point out that hardware
implementation has some advantages, like logic architec-
ture’s intrinsic parallelism. On the other hand, a drawback is
that the designer must be mindful not to surpass the number
of logical resources on the chip.

Moreover, the Impedance Controller block in Fig. 11 is
executed in the CU’s Processor Unit (from now referred to
as Programmable Software Part / PS-part). The composi-
tion of the CU’s architecture and the data flow is described
in Fig. 12. Similarly, the robotic hand Control Interface block
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is implemented in the PS-part. It can switch the control
technique between manual, position, and impedance control;
this is described more thoroughly in the following subsection.

The platform-chip used in the CU allows communication
between the PS- and PL-part, enabling the creation of hybrid
systems combining the advantages of software and hardware,
i.e., the possibility of implementing hardware accelerators in
the PL-part and the flexibility of software.

A. PL-PART: SENSORS FILTERING PROCESS

The PL-part includes an ADC converter, the motor PWM
signals generator (Motor Drivers), communication protocol
(AXT Interface), and the sensors Filtering Process. The latter
implements two filters for the analog current and position
sensors: (1) a Kalman filter [48] that estimates position and
velocity for the analog position sensor; and (2) a second-order
low-pass filter for the current sensor.

The architecture uses FSM to control data flow and opera-
tions. There are four arithmetical operators (two adders, one
multiplier, and one divider) that can be used in parallel and
shared between states and two filters. Additionally, the oper-
ators are custom-made [49] and use a 27-bit floating-point
numeric representation. This bit resolution is used because it
preserves the best resource utilization/precision ratio for the
selected FPGA device. A more thorough description of the
Filtering process is depicted in [19], [50].

B. PS-PART: IMPEDANCE CONTROLLER

The controller block involves the impedance controller
scheme introduced in Section III. It performs all the scheme
steps using the sensor filter outputs and the motor’s current
reference. It is important to note that it cannot be executed in
parallel given the step’s equations’ data dependency, which
is another reason not to implement it on hardware. The
controller’s output is fed to the motor driver block as seen
in Fig. 12. The PS-part is also in charge of the data synchro-
nization between modules through the AXI Interface.

C. PS-PART: CONTROL INTERFACE

This work uses a text-based visual interface (see Fig. 13) that
enables the user to control the robotic hand. The interface
allows setting a series of predefined control values (iT’,ﬂ)
for different grasps and manually controlling each finger
separately. The “***” below the fingers’ names indicates the
currently controlled one. The control variable of that finger
can be increased or decreased. The user can also declare
which control variable will be adjusted between three options
by overriding it in the impedance controller dataflow. This
circumvention of the dataflow is depicted in Fig. 11 with
the red, green and blue lines for i*, 6* and m™* respectively.
Resuming the control can be done with three strategies:

1) MANUAL_MOTORS mode overrides the m* variable
(Seen as “Volt” on Fig. 11), allowing to control the
voltage of the motors of the robotic hand manually;
and hence, the flexion-extension movements of every
finger. It sends a constant pulse to the motors vetoing
the output of the proportional gain.
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FIGURE 13. Robotic hand visual interface. It illustrates some relevant
data for the sensors calibration and filters parameters. It also shows
sensors and control data: setP and Pos are the desired and filtered
angular position of a finger, Volt is the voltage of a finger's motor, and
Curr and setC are the filtered sensor and desired current respectively.
Finally, it also specifies the current control strategy for testing
(MANUAL_MOTORS, P_ONLY or FULL_IMPEDANCE).

TABLE 6. Synthesis utilization of full controller system for one finger and
the full hand.

PSPL-Arty PL-Arty

Resource | 1Finger FullHand | 1Finger Full Hand | ArtyZ720
Utilization (%) (%) (%) (%) Available
LUT 1976 12252 2888 22521 53200

(3,71) (23,03) (5,43) (42,33)
0 0 0 62 17400

LUTRAM (0,00) (0,00) (0,00) (0,36)
FF 1917 10714 3522 25702 106400

(1,80) (10,07) (3,31) (24,16)
2 14 3 21 220

DSP (0,91) (6,36) (1,36) 9,55)

2) P_ONLY: Bypasses the desired position of a finger
(6¢ and shown as “setP”’on Fig. 11). Setting this con-
trol variable makes it possible to set a finger in the
desired position, nullifying the impedance controller’s
action.

3) FULL_IMPEDANCE: Is the full proposed impedance
controller scheme. It updates the control variable i*
(“setC” in Fig. 11) into the impedance controller.
It feeds the desired current for grasping objects.

D. RESULTS AND SYNTHESIS ANALYSIS

An FPGA has limited resources, such as LUTs (Look-Up
Tables), slice registers, DSPs (Digital Signal Processors),
and BRAM (Block RAM). Table 6 presents the consump-
tion of those resources for the implementation of the system
described in Fig. 12 in the column under the name PSPL-Arty.
Additionally, for contrast, the table also presents the resource
consumption of the full-hardware implementation (without
using the PS-part); these results are described in the column
under the name PL-Arty.

For full-logic implementation, almost half of the FPGA
resources were used, allowing little space for further devel-
opment and other characteristics the work might need in
the future. In contrast, the hardware-software implementation
results (PSPL-Arty) drastically reduced the resource utiliza-
tion of the FPGA.
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TABLE 7. Control system implementation on different platforms.

1D Type of Platform (6N Clock
Arch Frequency
PS-Arduino Software ATmega2560 Bare 16MHz
-Only metal
PS-ArtyBM Software ARM Bare 650MHz
-Only Cortex-A9 metal
PS-ArtyLnx Software ARM Linux 650MHz
-Only Cortex-A9
PL-Arty Full XC7Z020 - 100MHz
-HW
PSPL-ArtyBM Hybrid ARM Cortex-A9/  Bare 650MHz /
1CLG400C metal 100MHz
PSPL-ArtyLnx Hybrid ARM Cortex-A9/  Linux  650MHz/
1CLG400C 100MHz

TABLE 8. Control system implementation on different platforms.

1 DoF 7 DoF
1D t[us] Freq[kH]  t[us] Freq[kH]
PS-Arduino 1017.00 0.98 7219.00 0.14
PS-ArtyBM 5.24 190.84 32.92 30.38
PS-ArtyLnx 13.72 72.88 87,80 11.39
PL-Arty 1.20 830.00 1.44 692.52
PSPL-ArtyBM  3.38 303.03 21.16 47.26
PSPL-ArtyLnx  5.85 170.94 39.00 25.64

V. PERFORMANCE ANALYSIS OF THE CONTROLLER

This section compares the implementation of this control sys-
tem using various architectures and platforms. The controller
is implemented as three different structures, exploiting the
modules created in the previous subsection: 1) The architec-
tures named as ‘“‘software-only” perform the systems using
only software. 2) Similarly, the architectures named ‘‘Full-
HW?” perform the system using only the PL-part. 3) Finally,
the architecture proposed in Fig. 12 is named Hybrid.

The software-only implementations are replicated in dif-
ferent platforms, comparing cost and performance. Table 7
lists the different architectures, platforms, and Operating Sys-
tems (OS) implemented in this work.

In total, six approaches were performed in this work.
The comparison consists of executing the control loop and
measuring the execution time of each iteration for one DoF
(Degree of Freedom) and then for the seven. Table 8 lists the
execution time consumed for every architecture.

All the PS (Programmable Software) approaches used the
same code with minor adaptations for some functions that
were not compatible between platforms. Table 8 shows a
big timing gap between the PS-Arduino approach and the
rest, which is an unfair comparison in many cases. How-
ever, it allows the execution time to be compared with a
much cheaper solution than the Arty-Z720 used on the other
approaches. The PS-Arduino strategy’s execution demon-
strates that it can only achieve a maximum control frequency
of 140 Hz.

The different approaches in the Arty-Z720 have each their
advantages. For instance, the applications in Bare-Metal (PS-
ArtyBM and PSPL-ArtyBM) can be executed in real-time; this
guarantees the correct execution of the controller at a fixed
frequency. Real-time implementation is not as simple for the
cases with the Linux kernel used in the OS (PS-ArtyLnx and
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PSPL-ArtyLnx) because it is not real-time. However, using
Linux in the platform provides more flexibility for interfacing
and networking for future project applications. Connectivity
for this project is essential given that this work is intended as
part of a more extensive application where several elements
need to communicate with each other.

The performance of the approaches using software-only
is better on bare-metal than with Linux-OS. Nevertheless,
the hybrid system of Linux with PL (PSPL-ArtyLnx) stretches
this difference in the execution time. Additionally, the issue
regarding real-time in Linux is minimized in this approach,
given that the PL (Programmable Logic) part executes the
control in real-time.

On the other hand, the dynamic energy is related to the
user design’s power consumption on the FPGA (Field Pro-
grammable Gate Arrays). In contrast, the static power rep-
resents the steady-state intrinsic leakage of the transistors
on the device. For the hybrid system PSPL, the used static
power is 0.115W, and the dynamic is 1.467W. Most of
the latter is related to the PS-Part (1.39W), given that the
Cortex A9 included in the chip is a high-performance multi-
core processor. Nonetheless, the energy consumption of the
proposed architecture is only 0.077W.

A. COMPARISON TO RELATED WORKS

According to table 1, previous works [9], [10] have achieved
the most considerable control loop frequency (around 1 kHz)
for a robotic hand with 3 DoF, using two DSP devices,
directly sensing position, torque, and force on fingertips.
In contrast, this work accomplishes a control loop frequency
of approximately 25 kHz of a robotic hand with 7 DoF,
using a single chip device and sensing position and current
to estimate torque.

In terms of DoF and control technique, works in [13],
[14] developed a robotic hand with 6 DoF using only two
DC motors and only one DSP device for controlling position
with sliding detection. However, control loop frequency is
not reported, and the dexterous is limited since only two DC
motors are used. A robotic hand with 16 DoF with force
and position control was developed in [6], [7]; however, it is
limited in terms of space given that it uses a PC, achieving
a control loop frequency of 50 Hz. An embedded solution
to force control of a robotic hand with 16 DoF was devel-
oped in [2]. The authors used a PID current control and
embedded the solution in a matrix of 16 uCs and achieving
a control loop frequency of 333 MHz. Finally, works in [11]
and [12] implemented an embedded solution for impedance
and position control of a robotic hand with 20 DoF using
6 DSPs and 6 FPGAs devices. This massive parallel solu-
tion does not report the control loop frequency but probably
increases the energy consumption and the controller board
complexity.

Using a single chip for all DoF is a novel contribution
of this work that saves the embedded controller board’s
real-estate and can be more efficient in energy consumption
and performance. Additionally, the current system can be
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FIGURE 14. Control behavior of impedance controller of one finger.
(a) Robotic hand experimental setup, (b)-(c) Current response to a sine
wave and step input.

scaled; i.e., if the number of DoF increases, the hardware
architecture can also be adapted. As reported in Table 6, there
are enough hardware resources for implementing more filters
and processing more DoF, still achieving a high control loop
frequency.

VI. EXPERIMENTS

The finger’s control response using the proposed
PSPL-ArtyLnx architecture is smooth and is tested to grasp
various objects. Fig. 14 illustrates the control response of the
sensors for one finger.

It can be seen it stabilizes for a set current that is propor-
tional to the grip torque. The impedance controller sends the
position signal to the proportional controller that calculates
the motor’s input voltage.

A. IMPEDANCE CONTROLLER INTERFERENCE TESTING
The Arty-Z720’s available ADC channels allow control-
ling the five fingers of the robotic hand simultaneously,
enabling experiments that involve grasping objects with spe-
cific interference.

The test consists of setting a current setpoint for the
impedance controller and then see how it behaves upon con-
tact with a cylindrical object and with some type of interfer-
ence afterward. It is important to highlight that the setpoint
values are selected empirically. Figure 15 illustrates these
experiments.

Figure 15(a)-(e) illustrates the first test of grasping a rigid
cylindrical object, where immediately after contact (around
the 20th second), a user carries out interference to evaluate if
the robotic hand can maintain the grasp. First, in Fig. 15(b) the
object is pushed outwards and then sideways Fig. 15(c)-(d).
The opposable thumb is the most affected finger in this type
of interference, and it can be seen in its curve. However,
the thumb can maintain the grasp and is stabilized after the
interference is stopped, around the second 40.

The second experiment (Fig. 15(f)-(h)) details the curves
for when the finger enters in contact with a non-rigid object
on its surface. It is then performed a series of increased
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FIGURE 15. Grasping tests with interference. (a)-(e) is the first experiment and (f)-(h) is the second. Bellow
the experiments are the curves for current and position for the index, middle and thumb fingers. The
pictures are in chronological order. See video.

steps to see if the fingers interject more on the object upon interject the object the maximum amount. This value cannot
increasing the grasping force. It can be seen that this is not be less because the fingers will not start moving because of
the case because the initial setpoint is already high enough to the work gear inertia.
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FIGURE 16. Robotic hand performing grasping poses according to the Cutkosky taxonomy. See video.

B. CUTKOSKY TAXONOMY TESTING

Additional experiments are performed to test if the present
work can simulate human grasping motion despite DoF
reduction (Degrees of Freedom). The Cutkosky taxon-
omy [51] is a human grasping classification that has been
extensively used for manipulation and machining tasks. The
different types of grasping poses are classified into power and
precision grasps. The experiments are executed by this work’s
robotic hand by maintaining an object’s static grasping pose
from the taxonomy.

Figure 16 shows the robotic hand performing some poses
from said taxonomy. The robotic hand can perform five
power-grasp and four precision-grasp successfully, demon-
strating its ability to grasp and manipulate some objects,
enabling a vast amount of applications. These results also
show the relevance of the TMC_aa for most grasping poses.

VIl. CONCLUSION

In this project, a biomimetic robotic hand was implemented
using an FPGA/SoC-based (Field Programmable Gate Arrays
/ System on a Chip) approach using a Zynq chip from Xilinx.
The biomimetic hand’s mechanical design contains 7 DoF
(Degrees of Freedom) compared to the 24 an actual human
hand has. The number and specific joints of the project
were selected according to the most significant DoF and
how well they perform gripping objects. Given that some
movements are constrained by other DoF in this project,
the fingers execute the flexion-extension movements with
4-link mechanisms. A bioinspired optimization was applied
to solve a mechanism that generates the necessary trajecto-
ries for emulating a human finger’s action. The optimization
process reached an average quadratic error of 0, 00266. This
result was extended for the five fingers’ mechanical design
according to their size, allowing the full robotic hand’s imple-
mentation similar to a real hand. Reaching dimensions of
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210 x 84 x 38mm with 413.13gr (for the robotic hand design)
versus 175 x 89 x 43mm with 409, 5gr (for a regular male
hand). Additionally, the thumb’s ability of this project was
demonstrated with the Kapandji test. The prototype was able
to reach all ten levels of finger positioning.

The impedance controller developed in this work was
first evaluated via numerical simulation. For this action,
a robotic finger simulator was implemented for tuning
the controller parameters without endangering the proto-
type. The impedance controller’s tuning was performed with
bioinspired optimization algorithms, precisely the OPSO
(Opposition-based learning Particle Swarm Optimization).
The optimization process resulted in an underdamped motor
current response, efficiently achieving a rising time of 355ms
and a steady-state error of 1,2%. This bioinspired tuning
method for an impedance controller of a robotic system is
a new approach and one of this work’s main contributions.

As reported in Section V, the embedded controller
was developed through several approaches: PS-Arduino,
PS-ArtyBM, PS-ArtyLnx, PL-Arty, PSPL-ArtyBM, PSPL-
ArtyLnx. The experiments conducted with the proposed
PSPL architectures of the impedance controller proved that
the tuning performs correctly outside of the simulator. How-
ever, complex physical phenomena such as dynamic friction,
gaps, and tolerances in the physical prototype (specifically
the worm gear), introduced several oscillations in the sys-
tem’s response. This is also derived from the oscillations
of the position set point. Despite that, the response of the
controller remains stable for most of the experiments.

The execution time had to achieve a maximum of one mil-
lisecond for every DoF, and for this reason, the PS-Arduino
approach was ruled out to implement the full hand. The
PSPL-ArtyLnx method applies the hybrid system using
software for interfacing and communication. Programmable
logic enables the robotic hand’s control in real-time while
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achieving an execution time much higher than the required
(25.64 kHz). It is essential to highlight that even though the
achieved frequencies are not required for the current system,
this architecture opens a path for other platforms with faster
dynamics.

Finally, this project’s prototype could grasp objects with
different geometries with power and precision grip, high-
lighting the robotic hand’s dexterity and flexibility. Also,
The results of the experiment in Fig. 15(f)-(h) showed that,
for low force grasping, it is still necessary a complementary
strategy or data to the impedance controller, such as tactile
sensing. One could be a combined impedance/position con-
trol that performs a position control until contact with an
object is reached, switching to the impedance control. These
are objectives for future works.
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