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Abstract—This paper presents the design and construction of 

a multi-finger biometric robotic hand prototype that can be 

used as an end effector in processes that require dexterous 

grasping of objects. The research aims to obtain an optimized 

mechanism that manages to emulate the movements of a 

hand using a reduced number of joints and links. A rigid 

mechanism with actuators in the palm is mathematically 

modeled and kinematically verified through a functional grip 

application. A biologically inspired optimization algorithm is 

employed in the dimensional optimization of the mechanism 

to follow a trajectory profile that defines the type of grip. As 

a result, a robotic hand is obtained with a proportion that 

does not exceed 10% of the dimensions of a human hand, 

which integrates a mechanism with 7 Degrees of freedom 

(DOF) and 16 joints and a trajectory control that guarantees 

different types of grip. Different grips presented in this 

document show the dexterity of the hand, given by the kind 

of rigid mechanism and trajectory profile tracking. The 

adduction and abduction movements of the hand extend their 

usefulness to reproduce different types of grips.  

Keywords—robotics, hand, multi-fingered, mechatronic hand, 

genetic algorithms 

I. INTRODUCTION

Different studies are focused on the design and 

construction of robotic hands, resulting in significant 

contributions in emulating human behavior to manipulate 

objects [1, 2]. The human hand has a high anthropometric 

complexity and 20-DoF [3]. Reaching the same level of 

human dexterity with robotic systems is a challenge that 

requires integrating mechanisms, actuators, and control 

systems in a reduced space [4]. One characteristic to 

measure the performance of designs in robotic hands is 

proposing a metric on the type of grip it exercises; 

therefore, the large number of works on robotic hands have 

substantial differences, and there are still opportunities for 

study [5]. 

This research proposes creating a functional mechanism 

with reduced degrees of freedom with integrated grip 

control. The contributions of this research consist in 

reducing the level of complexity both in manufacturing 

and in the technical elements involved in the prototype of 

the robotic hand, a hand is projected with the possibility of 
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being coupled with other open kinematics robotic systems 

such as anthropomorphic robots to handle different types 

of objects and perform complex tasks that require dexterity, 

precision, and adaptability in grips, functions that are 

difficult to achieve with conventional end effectors. 

The human hand can perform numerous types of grips 

[6], but in the design of a robotic hand prototype, it is 

necessary to limit the types of grip to its functional 

objective, these are issues that depend on the tasks to be 

developed [7]. However, studies in this regard suggest that 

precision grips are favorable for interaction tasks [8]. One 

strategy in constructing the conceptual model consists of 

establishing metrics on the grasping mechanism that allow 

the creation of a selection criterion, either based on the 

points of contact with the object or on the geometric 

relations of grasping [9]. The required functionality is not 

associated with a specific object type but is close to a 

generalized grip to a particular curve profile. 

Within this line of research, two large groups of 

mechanisms called rigid and soft stand out for constructing 

multi-fingered robotic hands [10]. Mechanisms with a soft 

grip type can help handle delicate objects [11]. However, 

adaptability to different kinds of grip can be challenging 

[12]. Its operating principle is mainly based on flexible 

pneumatic actuators, using materials such as rubber or 

polymers [13]. The grip force in this type of mechanism 

can be derived from controlling the magnitude of the 

curvature, but the gripping efficiency can be compromised 

[14]. On the other hand, in rigid mechanisms, we find 

variants that simplify the mechanism and be multipurpose 

in object manipulation activities. For example, when the 

gripping conformability of an object is out of the control 

strategy [15], the advantages can be obtained by designing 

the surfaces that make up the device that conforms to the 

surface [16], however, the degrees of freedom along with 

the number of reduced joints influence their dexterity. 

Trying to replicate the DOF of human hands in robotic 

systems is a complex task [17], in many cases, it is 

necessary to implement an actuator for each projected 

degree of freedom with the mitigation of being able to use 

reduced space for its installation [18]. There are several 

design approaches, such as the inclusion of actuators in the 
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forearms and transmitting movements through tendons 

[19], motors directly coupled to the joints, rod mechanisms 

that transmit movement through a curved profile [20]. In 

finger mechanisms based on bars as actuating elements, 

the degrees of freedom achieved in multi-fingered hands 

bring the possibilities of controlling the type of grip closer 

through a defined trajectory. 

From the design perspective, these devices present 

substantial limitations in their implementation as 

emulators because of the limited space available for each 

articulation. Movement transmission devices are needed to 

avoid interference with this space limitation [21]. The 

proposed robotic hand uses four connected stick 

mechanisms to imitate fingers’ flexion and extension 

movements [22]. In his study, Cobos [23] presents sub-

perform movements of flexion and inflection, establishing 

a relationship between each phalanx angle to achieve 

natural grip and gesture movements. Given the nature of 

this mechanism, the phalanx dimensions are only known 

in this case. Other designs are initially unknown (8 

unknown dimensions). The number of unknown 

dimensions is higher than the number of available 

equations, which is why a heuristic optimization method 

has been proposed [24]. 

A design perspective found in recent research is to 

design the robotic hand as simplified as possible and to 

allow many grips to be obtained [25]. Some approaches 

that reduce the complexity of the designs maintain 

versatility in some types of grips; however, it is 

noteworthy that the control strategies can also become 

simplified in practice due to the reduction in the number of 

actuators and the number of embedded sensors on devices 

[26]. 

Based on these contributions and previous work, it is 

determined that for the project, the best option is to 

propose a rigid multi-finger mechanism and implement a 

control that allows obtaining different types of grip [27]. 

The dimensions and geometry of the prototype are defined 

both by the shape of the actuators and by the tray sector 

profile designed with a functional purpose. These 

characteristics can be perfectly optimized [28] by using 

Genetic Algorithms (GA) for this task as heuristic and 

adaptive search techniques based on genetic conjectures 

and natural selection, which emulate evolutionary 

processes to solve this type of problem [29]. 

This research aimed to obtain a mechanism with fewer 

degrees of freedom that maintain grip performance similar 

to that of a human hand. Below is the development of a 

simplified mechanism based on seven degrees of freedom 

that can be used as a final effector in tasks that require 

dexterity. The profile of the projected trajectory for the 

finger mechanism is compared with the actual trajectory, 

yielding a performance criterion. The method used to 

achieve the ManUPA multi-finger robotic hand is 

presented below. 

II. RELATED WORKS 

When a search is carried out on robotic hands, research 

works in recent years are found due to the interest in 

robotizing human behavior. An end effector is projected 

with high levels of dexterity for the manipulation of 

different objects, and that has a feedback grip control; In 

this sense, the search for related jobs can be delimited to 

certain degrees of anthropomorphism associated with DOF 

to define the levels of dexterity and functional 

characteristics of a multi-fingered hand. Next, 

investigative works of 5-fingered hands are presented, 

which present some synthesis, either in degrees of freedom 

actuators or grip control that, due to their results and 

contribution, are references for this and future works. 

The Belgrade/USC hand, considered one of the first 

hands with five fingers, has pressure sensors in each of its 

fingers. A single actuator controlled the grip, causing the 

pressure on all fingers to be distributed evenly across all 

your fingers when grasping an object. The improved 

version has 4-DOF with 18 joints [30]. TUAT/Karlsruhe 

humanoid hand, designed for a humanoid robot, has five 

fingers out of 4 that are the same and 20-DOF controlled 

by a single actuator [31]. These two hands are benchmarks 

for grip control based on a single actuator. 

Robonaut Robotic hand has five fingers, and 12-DOF 

plus 2-DOF on the wrist gives 14-DOF. The hand robotic, 

made for spatial work, have motors located externally and 

transmit the movement through a flexible transmission, 

finally, the rotational movement becomes linear 

movement by spindles in hand [32]. 

The ultralight anthropomorphic hand has five fingers 

and 10-DOF on the arrow and 3-DOF on the wrist, 

pneumatically controlled, it has integrated actuators in the 

fingers that reach 12 N of pressure at the fingertips. It is 

lightweight and adaptable to different processes [33]. 

Gifu Robotic Hand has 3 degrees of freedom in four 

fingers and 4-DOF in the thumb, each finger has three 

joints. The hand has a tactile sensor and six-axis force 

sensors [34]. 

DLR-HIT-Hand II is a hand with five identical fingers 

with fifteen degrees of freedom. Each finger has 3-DOF 

and four joints, the last two joints are mechanically 

coupled. All actuators are fully integrated into the finger's 

base [35]. KITECH-Hand is one of the most affordable 

commercial hands. It has four fully actuated 16-DOf 

fingers [36]. 

ILDA hand is a robotic hand with integrated drives with 

15-DOF, 20 joints, and a fingertip force of 34 N. Its main 

characteristic is the force vs. weight relationship and 

dexterity in tool handling tasks [37]. 

The research presented in this document shows the 

development of a five-fingered hand simplified to 7-DOF 

and 16 joints that manages to reproduce grips with skill. 

The design has positive effects by reducing the number of 

actuators to perform the movements, integrating the 

actuators inside the hand, and having grip control through 

a trajectory executed on each finger utilizing a four-bar 

mechanism. Reducing the number of actuators and 

controlling a more significant number of degrees of 

freedom minimize energy consumption and weight in hand 

and make numerous applications viable. 
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III. THE MATERIAL AND METHOD 

A. Applied Mechanism Design and Robotic Fingers 

In the design of a rigid multi-finger mechanism, a 

decision must be made between the different forms of 

actuation and transmission mechanisms to move the 

robotic joints. Two possibilities are contemplated when 

choosing the venues: 

• Engines might be placed near the articulations, 

sometimes, they can be integrated into the fingers [36]. 

•  Placing the engines or performers in the palm, forearm, 

or any external position to the fingers by using 

movement transmissions [38]. 

For the first possibility, when placing the actuators near 

the joint of each finger, it gets more challenging to 

accomplish the objective of preserving the actual 

dimensions of a human hand, thus, in this prototype, a 

second option was chosen, which is named “Remote 

performance”, this one requires mechanic transmissions 

that can be broken down into two kinds: 

• Flexible transmission: where joints are distorted and 

adaptable by using tendons or cables to transmit 

movement. It has a limitation, it cannot perform high 

precision grip of small objects with the fingertips, this 

is produced because some kinds of cable stretch out or 

some move inside the ducts, causing some placement 

errors [39]. Finally, there is a problem with controlling 

the fingertips’ placement because of the lack of 

systematic linearity. 

• Rigid Transmission: Generally, it refers to 

transmission movement mechanisms of sticks and 

gears. Among its advantages is its rigidness, which 

makes it long-lasting and allows estimating a precise 

fingertip placement [40]. It has some limitations, when 

it detects any interference among its components, its 

mechanism gets tangled up. 

Finally, it was decided to implement a mechanism for 

the fingers with Rigid Transmission; for this mechanism, 

a trajectory profile will be created that determines the 

specific type of grip. The Finger Mechanism used in each 

degree of freedom of the ManUPA is detailed below. 

1)  Fingers mechanism 

The mechanic system involves two mechanisms, each 

one with four connected links; three of the links that make 

up this mechanic system are the three phalanges of each 

finger, without the thumb, because this one is only 

employed for a four-links mechanism. Each phalange is 

integrated with the others, respecting the restrictions 

shown in Table I.  

The developed mechanism is illustrated in Fig. 1, links 

one, three, and five, illustrated in Fig. 1(b) correspond to 

the distal, medium, and proximal phalanxes. Links two and 

four transmit movement from one phalanx to the next. The 

first movement is angular, performed in a concentric 

revolution joint to the arch illustrated in the connection 

mechanism in Fig. 1(a). Each finger needs one actuator to 

be activated. In this case, an endless winder transmission 

is included, giving the finger an auto-inhibition feature. 

TABLE I. FINGERS’ MECHANISM ANGULAR RESTRICTIONS OF 

INTERPHALANGEAL JOINTS.   

Joint 
Flexion / Extension 

Restriction 

Metacarpal-phalange (𝜃1) 0–90° 

Proximal inter-phalangeal (𝜃2) 0–100° 

Distal inter-phalange (𝜃3) 0–90° 

 

 

Figure 1.  Fingers’ mechanic system diagram. (a) Assembled. (b). 
Exploited 

One of the limitations of this design is that the aim is to 

preserve human hand dimensions. For doing this, 

information about phalanx dimensions has been gathered, 

in general terms, this information was provided by the 

study of O. Binvignat et al. [41]. 

This mechanism moves to undertake the proper 

trajectory to perform different kinds of grip, the fingertips’ 

trajectory is illustrated as a dotted line in Fig. 2. 

 

Figure 2. The fingertip trajectory 

In the study of Cobos [23], the author proposes that 

when there is the aim of sub-performing other joints with 

flexion and extension finger movements, it is necessary to 

organize the angles of each phalanx θ2 and θ3 so that they 

can have a movement connection concerning the entrance 

θ1 (see Table I). These relations are indicated in Eqs. (1) 

and (2). 

 𝜃1 =
4

3
𝜃2 (1) 

𝜃2 =
3

2
𝜃3 (2) 

The angles θ1 and θ2 are illustrated in Fig. 3(a). In Fig. 

2, their relations θ1, θ2, and θ3 do not accomplish the 

connections proposed by Cobos [42].  
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Figure 3. Fingers’ mechanic system. (a) Finger’s 4-stick mechanism graphic kinematic representation (b) Graphic representation of Ca and Cb. 

A kinematic analysis is required to complement the 

design of the mechanism, it is necessary to verify through 

this analysis the dimensions of the links that maintain the 

connections. The kinematic analysis performed is 

presented below. 

2)  Mechanism’s kinematic analysis 

The kinematic analysis of the mechanism is performed 

by disconnecting the two 4–stick mechanisms and 

studying them individually.  Considering the two of them 

are the same, this analysis is enough to understand all the 

mechanic systems of the finger.  Links 1–3 represents the 

first 4-stick mechanism, broken down in its dimension in 

Fig. 3. 

Fig. 3(a), illustrates the parameters that shape the 

mechanism, and this one is located in a random position to 

be studied.  Now parameters are: Lf1, La1, Lb1, the point   Pa2, 

and θ1. It is necessary to know the mechanism’s output (θ2) 

for design purposes.  The point Pf1 is estimated through 

vector analysis, as shown in Eq. (3). 

𝑃𝑓1 = 𝐿𝑓1⟨cos 𝜃1 𝑖̂ + cos 𝜃1𝑗̂⟩ (3) 

It is necessary to locate point Pa2, which could be 

interpreted as the intersection among the two radius circles 

La1 and Lb1, with the center in Pa2 and Pf1, respectively. 

They will be named Ca y Cb. Fig. 3(b) illustrates the 

represented circles graphically with the Eqs. (4) and (5) 

 𝐶𝑎: 𝑥
2 + 𝑦2 + 𝐷𝑎𝑥 + 𝐸𝑎𝑦 + 𝐹𝑎 = 0 (4) 

 𝐶𝑏: 𝑥
2 + 𝑦2 + 𝐷𝑏𝑥 + 𝐸𝑏𝑦 + 𝐹𝑏 = 0 (5) 

where: 

 𝐷𝑎 = −2𝑃𝑎2𝑖 ̂ (6) 

 𝐸𝑎 = −2𝑃𝑎2𝑗 ̂ (7) 

𝐹𝑎 = (𝑃𝑎2𝑖)̂
2 + (𝑃𝑎2𝑗̂)

2 − 𝐿𝑎1
2      (8) 

 𝐷𝑏 = −2𝑃𝑓1𝑖 ̂ (9) 

 𝐸𝑏 = −2𝑃𝑓1𝑗̂ (10) 

 𝐹𝑏 = (𝑃𝑓1𝑖)̂
2 + (𝑃𝑓1𝑗̂)

2 − 𝐿𝑏1
2 (11) 

The following step is to find the intersections between 

both circles and select the option that solves the 

mechanism. Reducing the Eqs. (4) and (5), the result is:  

  

 (Da –Db) 𝑥 + (Ea –Eb) y +Fa –Fb =0 (12) 

 

Then clearing the formula, from Eq. (12) it is obtained: 

𝑦 =
(𝐷𝑏−𝐷𝑎)𝑥+𝐹𝑏−𝐹𝑎

𝐸𝑎−𝐸𝑏
 (13) 

And replacing Eq. (13) in Eq. (4)  

(
(𝐷𝑎 − 𝐷𝑏)

2

(𝐸𝑎 − 𝐸𝑏)
2
+ 1)𝑥2 + (𝐷𝑎 −

𝐸𝑎(𝐷𝑎 − 𝐷𝑏)

𝐸𝑎 − 𝐸𝑏

+
2(𝐷𝑎 − 𝐷𝑏)(𝐹𝑎 − 𝐹𝑏)

(𝐸𝑎 − 𝐸𝑏)
2

)𝑥 

+𝐹𝑎 +
(𝐹𝑎−𝐹𝑏)2

(𝐸𝑎−𝐸𝑏)2
−

𝐸𝑎(𝐹𝑎−𝐹𝑏)

(𝐸𝑎−𝐸𝑏)
= 0 (14) 

It is possible to appreciate a quadratic equation in Eq. 

(14), which has found that two solutions of minimums 

value are chosen, this happens because the finger moves 

only in the first two quadrants of the coordinated axes. This 

solution is valid for all positions the finger can operate 

inside these quadrants.  

Once obtained, the x value is replaced in Eq. (13), and 

with this point, Pa1 is obtained.  

Angle θ2 (see Fig. 3) is defined by Eq.  (15). 

 𝜃2 = 𝛽 − 𝜃1 − 𝛼 (15) 

In Fig. 4, it is observable that when θ1 = 0, the result is 

β = α. and in Eq. (16), it is represented as β as the direction 

of the vector Pa1 − Pf1
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗. Therefore:  

𝛼 = tan−1 (
(Pa1−Pf1⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗)𝑗̂

(Pa1−Pf1⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗)𝑖̂
)  (16) 

With the mathematical model that defines the trajectory 

of the mechanism and the kinematic analysis that relates 

the dimensions of the links with the movement and the 

angles, an optimization problem can be formulated. In this 

case, it is a question of finding suitable dimensions for the 

links that allow complying with a trajectory profile without 

producing singularities or collisions. For this, the 

mathematical model and kinematic analysis will be 

necessary. The following section explains the optimization 

process. 
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3)  Design parameters for the GA implementation 

GA is an optimization biological inspired algorithm. 

This one is based on natural behavior, which constantly 

searches for an optimal state with the minimum effort. 

These algorithms are employed in the global optimization 

field (and in some other functions). They aim to find the 

best results as possible 𝑥∗of a space 𝑋 with all events 𝐹 =
𝑓1, 𝑓2, … , 𝑓𝑛. These events are generally represented like a 

mathematical expression in the function of the chosen 

variables [43].  

 

Figure 4. Estimation of angle α. 

In this approach, the algorithm’s chosen variables are 

unknown values (dimensions) of mechanisms previously 

analyzed.  The parameters used in this method are shown 

in Table II.  

TABLE II. PARAMETERS FOR THE GA IMPLEMENTATION.   

Input Data Value 

The population size 30 

The maximal generation 1500 

The variable number (Nvars): (𝑃𝑎2 𝑖̂, 
𝑃𝑎2𝑗̂, 𝐿𝑎1, and 𝐿𝑏1) two mechanisms. 

8 

Fitness scaling Rank 

Selection function Stochastic uniform  

Reproduction (elite count) 2 

Reproduction (crossover fraction) 0.15 

Mutation function Adaptive feasible 

Crossover heuristic ratio 1.2 

Migration forward (fraction) 0.2 

Migration forward (interval) 20 

Stop criteria (generations) 1500 

Stop criteria (stall generations) 500 

If coming back to the previous subsection, it is possible 

to observe that these values are, 𝑃𝑎2𝑖̂, 𝑃𝑎2𝑗,̂ 𝐿𝑎1, and 𝐿𝑏1. 

Given that the mechanical system of a finger is composed 

of two of the analyzed mechanisms in a connected way, 

the total number of choice variables is eight. The event that 

must accomplish this optimization is the reduction of 

Metter Square Error (MSE) obtained by comparing the 

trajectory in the developed task space by the mechanism 

with the proposed trajectory and the angles relations of 

Cobos (See Eqs. (1) and (2)). 

Fig. 5 illustrates three curves in their graphic order, the 

first is the objective curve of movement in the task space, 

calculated from the relation of Cobos angles [23]. In his 

study, the second one is the curve generated with randomly 

selected values for the links (the exact curve in Fig. 2). It 

is possible to see that the error of the second curve is very 

high concerning the objective curve. Finally, there is a 

curve of 32 tries improved with GA. In this approach, the 

algorithm GA was employed with 300 iterations for each 

attempt and a population of 30 particles. It is essential to 

consider that GA is a heuristic algorithm, this fact does not 

assure the possibility of finding the exact solution for each 

attempt. 

 

Figure 5. Trajectory curves simulated. 

In Fig. 6, it is possible to observe the evolution of MSE 

inside the 300 iterations of each one of the 32 improvement 

tries. The minimal error achieved in the 32 tries was one 

of 0.0037. The best improvement is the one that can be 

visualized in Fig. 5.  

 

Figure  6 Convergency of MSE in the 32 optimization attempts during 
the 300 iterations. 

The objective function makes it possible to find the 

minimum values of the parameters (𝑃𝑎2𝑖̂, 𝑃𝑎2𝑗̂, 𝐿𝑎1 , and 

𝐿𝑏1) that determine the correct dimensions of the finger 

mechanism to comply with a specific tray sector profile for 

the grip of the hand. Defining the minimum dimensional 

parameters of ManUPA allows you to carry out an adjusted 

mechanical design, select precise components and reduce 

manufacturing costs. The objective function outputs a 

numerical performance value from the MSE calculation 

obtained when comparing the trajectory in the workspace 

developed by the mechanism with the proposed trajectory 

and relating the angles that define the movement. Fig. 6 

shows the behavior of the objective function in 32 

improvement attempts, it is observed that it seeks to find 

the minimum adequate dimensions to comply with the 

profile of the tray sector that defines the type of grip, the 

algorithm converges by what changes in the values in the 

produce significant difference in the yield measure. 
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4)  Finger’s results 

The fingertip trajectory was simulated and compared 

with the objective curve of each finger, as seen in Fig. 5. 

In Fig. 7, A mechanism simulation is observed, and each 

inter-phalanx joint performs the movement in the task 

space. It is observable that the movement is very close to 

being lineal, which was the optimization’s aim goal, 

considering that the relations of movements proposed by 

Cobos are also observable [42]. 

 

Figure 7. Simulation of a designed finger. 

In the beginning, a prototype was designed to analyze 

its movement in real life, undertake the corresponding 

proof of the interference among links, and find the possible 

errors of design that were out of the simulation stage. The 

result of this first finger prototype is illustrated in Fig. 8.  

In the final version, plenty of aspects were considered 

and discovered thanks to the construction of this prototype. 

Such as the necessity of support for the other extreme of 

the endless screw or even mechanism tolerance.  

s  

Figure 8. Printed finger in 3D. (a) Assembled finger view. (b) Exploited 
finger view. 

B. Robotic Multi-finger Hand Design 

In this section, the mechanism improved and simulated 

in the previous stage is more deeply designed. It is crucial 

that the Computer-aided Design (CAD) picture stays true 

to the model and that the mechanism is similar to a human 

finger. Once the conceptual design of a finger is proven, it 

is time to proceed to develop the design kept in mind in its 

construction in a 3D printer where more complex pieces 

could be constructed and even more similar to a human 

finger.  

1)  Pinky, ring, and middle fingers  

Considering its kinematic nature, the design of Little, 

Ring, and Middle fingers have been grouped in the same 

slot, all fingers were created using the same principle (see 

Fig. 9). The only change was the measures of their links 

that were improved in the previous chapter. The finger was 

designed to show as less as possible the mechanism and be 

as rigid as possible, trying to reduce the weaknesses of 

mechanical games.  

2)  Index  

Index design, as thumb design, was undertaken 

independently because of these active adductions and 

abduction movements. Mechanism’s kinematics allow 

flexion and extension movements the same as the one of 

Ring, Middle, and Little, nevertheless, it was necessary to 

add another mechanism that allows adduction and 

abduction movements around the axis shown in Fig. 9(a), 

transmitting movements through conical gears.  

In Fig. 9(b), it is possible to appreciate the base designed 

especially for the index. Regarding its kinematic features, 

it was necessary to make a groove to enter the micro engine, 

the endless screw, and another groove for a potency gauge 

used to support the finger's position. 

 

Figure 9. Index. (a) Assembled finger view; (b) Exploited finger view. 

3)  Thumb  

Thumb neutral or resting muscular positions, defined by 

C. Hammonet and P. Valentin, are the vector position that 

can be appreciated in Fig. 10. This position corresponds to 

the silence electromyography position: where no thumb 

muscle reflects the potential of action [44]. 
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Figure 10. Thumb design and orientation. 

Fig. 10 also illustrates the design results for the thumb’s 

base, which can rotate around the axis illustrated in Fig. 11. 

The importance of the thumb’s opposition movements is 

one feature that gives a human hand more dexterity. Its use 

and importance are reflected in the section on results, 

where a discussion will be presented later on.  

 

 

Figure 11. Thumb and base. 

4)  Hand’s construction and design results 

Fig. 12 compares the results of the robotic hand CAD 

performing a gesture in which the thumb’s opposition is 

tested. 

Table III present the physical dimensions that form a 

robotic hand. The hand size is about 208×223 mm and 

weighs 400 gr approximately.  

TABLE III. PHYSICAL DIMENSIONS OF MANUPA 

Dimension 
Size [mm] 

Thumb Adducted Thumb Abducted 

Length 208 102 

Width 54 153 
Height 223 - 

 

The ManUPA prototype of a robotic hand has 16 joints, 

of which seven are performed, and the others are sub-

performed. Fig. 12 illustrates the location of all of those 

included in the prototype. Those in red are joints 

performed using electric engines, and those in black are 

sub-performed joints using four sticks presented in the 

previous section.   

 

Figure 12. Assembled hand results. 

Table IV presents the motility relations of the joints 

presented in Fig. 13, joined to their angular limitation 

movements. Table IV is divided into columns for the 

kinematic connection present in the different fingers 

previously presented. Then, they are sub-divided into a 

section that marks the prototype’s angular relation with the 

same nomenclature found in Fig. 13 and each articulation's 

angular limitations. Evenly the order of these inter-phalanx 

joints of the hand are: trapezium metacarpal of adduction 

and abduction ( 𝜃𝑋,𝑇𝑀𝐶𝑎𝑎
), proximal metacarpal of 

adduction and abduction ( 𝜃𝑋,𝑀𝐶𝑃𝑎𝑎
), proximal inter 

phalanx (𝜃𝑋,𝑃𝐼𝑃)  and distal inter phalanx (𝜃𝑋,𝐷𝐼𝑃). 

TABLE IV.  INTERPHALANGEAL RELATIONS OF THE MANUPA 

PROTOTYPE MOVEMENTS.  

Thumb Index 
Fingers with 1-DOF 

Middle Ring Pinky Limits 

Relation Limits Relation Limits Relation  

𝜃𝑃,𝑇𝑀𝐶𝑎𝑎
 0-90° - - - - - - 

- - 𝜃𝐼,𝑀𝐶𝑃𝑎𝑎
 0-60° - - - - 

𝜃𝑃,𝑀𝐶𝑃𝑓𝑒
 

≈
4

3
𝜃𝑃,𝐼𝑃  

0-90° 
𝜃𝐼,𝑀𝐶𝑃𝑓𝑒

≈
4

3
𝜃𝐼,𝑃𝐼𝑃  

0-90° 
𝜃𝐶,𝑀𝐶𝑃𝑓𝑒

 

≈
4

3
𝜃𝐶,𝑃𝐼𝑃  

𝜃𝐴,𝑀𝐶𝑃𝑓𝑒
 

≈
4

3
𝜃𝐴,𝑃𝐼𝑃  

𝜃𝑀,𝑀𝐶𝑃𝑓𝑒
 

≈
4

3
𝜃𝑀,𝑃𝐼𝑃  

0–90° 

𝜃𝑃,𝐼𝑃 0-67.5° 
𝜃𝐼,𝑃𝐼𝑃 ≈
3

2
𝜃𝐼,𝐷𝐼𝑃  

0-67.5° 
𝜃𝐶,𝑃𝐼𝑃 ≈
3

2
𝜃𝐶,𝐷𝐼𝑃  

𝜃𝐴,𝑃𝐼𝑃 ≈
3

2
𝜃𝐴,𝐷𝐼𝑃  

𝜃𝑀,𝑃𝐼𝑃 ≈
3

2
𝜃𝑀,𝐷𝐼𝑃  

0–67.5° 

- - 𝜃𝐼,𝐷𝐼𝑃 0-45° 𝜃𝐶,𝐷𝐼𝑃 𝜃𝐴,𝐷𝐼𝑃 𝜃𝑀,𝐷𝐼𝑃 0–45° 

 

Figure 13. Description of joint movements of the complete robotic hand. 
In red color are shown the performed articulations and in black color the 
sub-performed articulations. 
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C. Hardware and Prototype Control 

The only physical and mechanical constitution of the 

ManUPA prototype has been described. However, this 

prototype is also composed of diverse electric, electronic, 

and electro-mechanic components for its functionality. In 

addition to this, those components require control 

algorithms and a specific protocol to allow ManUPA to 

perform the different movements and gestures. These 

prototype components, their internal system of 

connections, and the protocol followed to control them are 

presented in this section.  

1) Hardware 

Electric engines of reduced sizes are in charge of 

rotation movements of articulations performed by the 

ManUPA prototype. For the flexion and extension 

movements of the five fingers, Micro engines HP100: 1 

were selected because they support a nominal voltage of 

6V and the following features: 320 RPM, 80 mA with a 

free axis, 2.2 kg–cm of exit torque, and 1 A with the 

stopped axis. For movements of adduction and abduction 

of fingers, thumb, and index servo engines HD-1810MG 

(6V: 0.13 sec/60º of speed, 3.9 kg-cm of exit torque) have 

been selected. The most critical feature of these selected 

engines is their reduced size in relation to their pair.  

This prototype has two kinds of sensors in its system: 

• Location sensors for fingers:  they are tiny rheostats, 

placed in the proximal metacarpal axis of flexion-

extension (𝜃𝑋,𝑀𝐶𝑃𝑓𝑒
) of each finger (see Fig. 14). There 

are 5 of these sensors implemented in ManUPS (one 

for each finger). 

• Resistive force sensors: to understand in a better was 

the robotic hand in terms of its external structure, some 

tactile force generators have been added to the 

fingertips. The strategic position in this area allows 

ManUPA to perform precision grip movements. 

To control the mini card of development A-Star 32 Ua4, 

Mini LV was selected, this is a development card with a 

microcontroller named Atmel-32U3. When choosing this 

device, the number of pins used in this process, the 

processing speed, and size reduction were vital factors. In 

Fig. 14, it is possible to see that approximately 95% of its 

pins were employed in this card.  

2) Study’s control and flow chart  

As mentioned before, the board A-Star 32U4 Mini LV 

is included in the ManUPA prototype. Among its functions, 

it is possible to find: 

• Receive control instructions: there are three types of 

instructions; (1) change the “set point” of one 

performed joint (see Fig. 14) with any angular position 

(in grades), (2) read force sensors, and (3) read 

placement sensors.  

• PI articulation controller of flexion and extension: once 

the prototype is turned on, set points of all fingers are 

reactivated, and these could then be modified with 

control instructions. Control signal towards the engine 

via PWMs (Pulse Width Modulation). 

• Control signal transducer for articulations of adduction 

and abduction: as mentioned before, adduction and 

abduction articulations of the ManUPA prototype are 

activated by micro servos. When they are given the 

order to change the set point of any of these joints, the 

card generates a Pulse width modulation (PWM) signal 

corresponding to the one that is sent to the driver of 

each servo engine.  

• Force sensors signal transducer: the card transforms 

analogical force sensor’s signal in pressing unities 

(Kgf/cm2).  

Fig. 14 illustrates the graphic connections of the control 

card. Electric, electronic, and electro-mechanic 

components can also be visualized, these components are 

the ones that form the prototype and the signal they employ 

to work.  

 

Figure 14. Connection map and data and signals flow in the ManUPA 
prototype. 

Control instructions are sent to the hand through a host 

serial–USB and a BaudRate of 115200. This host could be 

a personal computer or a robotic control system. It is 

essential to highlight that it is only necessary to have a 

USB connection. By simple instructions with any 

communication serial, the hand can be controlled and 

adapted to any application (it does not need external 

control or reference commands).  

IV. RESULTS AND DISCUSSION 

Figs. 15–16 make it possible to visualize the hand 

performing different kinds of grip, which are typical to the 

human hand. These movements are performed in the 

handgrip taxonomy proposed by Cutkosky [47, 48]. 

 

Figure 15. Power prismatic grip with greater diameter 
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Fig. 16 shows an excellent potency grip used to grab big 

objects, this kind of grip lacks skillfulness. Meanwhile,  

Fig. 16(a) introduces a kind of grip that is performed. It is 

necessary to grip small objects with tremendous pressure. 

It represents a skilled grip testing the utility of the thumb's 

inhibition thanks to adduction and abduction movements 

included in the hand, in Fig. 16(b). It is possible to observe 

the importance of this movement when emulating different 

gestures and grips with the hand. 

Regarding adduction importance and abduction 

movements, the human hand in Fig. 16(a) and Fig. 16(d) 

also shows the relevance of these movements in the index, 

the grips illustrated would not have been possible without 

this degree of freedom. 

 

Figure 16. The hand performing different kinds of grip (a) Power 

prismatic grip with the thumb abducted (b) Power prismatic grip with the 
thumb abducted (c) Precision prismatic grip with 2 fingers (Thumb and 

index) (d) Precision prismatic grip with 3 fingers (thumb, index and 

middle finger) (e) Precision prismatic grip with 4 fingers (thumb, index, 
middle and ring fingers) (f) Circular grip of tripod accuracy. 

TABLE V. THE ERROR INDEX FOR TRACKING A TRAJECTORY PROFILE 

Grip type 
Types of DOF compared 

7–DOF 9–DOF 

Prismatic 9.10% 5.90% 

Circular 13.2% 7.65% 

 

It is possible to compare the developed ManUpa that has 

7–DOF concerning the performance of the grip type to 

other models of simplified 9–DOF robotic hands. The 

prismatic types of grip are contemplated in this research. 

Fig. 16 shows the different types of grip considered in this 

comparison. An ideal trajectory profile that can be 

achieved with 24–DOF hands is used to calculate the 

trajectory tracking error. Table V presents the result of the 

comparison made. Estimating that the applications 

projected for ManUpa tolerate a permissible error of 10% 

and the calibration processes are adequate to take 

advantage of the maximum capacity, it can be deduced that 

the type of operation is sufficient for these activities. If 

precision requires less than 5% tolerances, a hand with 

more degrees of freedom will be adequate for these tasks. 

It is determined that the ManUPA performs better in 

circular-type grips. 

V. CONCLUSION 

This research presented the development of a multi-

fingered robotic hand with a size that is only 10% greater 

than the dimensions and extension of a natural human hand. 

The hand features a simplified 7–DOF rigid bar 

mechanism, 16 joints, and a maximum force of 24N. The 

mechanism follows a defined tray sector profile to control 

different grip types. The control system and its actuators 

are located in the palm, representing a straight integration 

of the system in a reduced space. The intended objective 

was met, which consisted of simplifying the construction 

of the robotic hand to be used as an end effector in tasks 

that require dexterity. Even with variants in the grip 

control system, the application possibilities could be 

numerous. The control strategy links feedback through 

tactile and force sensors placed on the fingers of the 

ManUPA prototype, with position control, but more 

complex controllers can be applied. The addition of these 

sensors makes it possible to understand the 

implementation of different advanced manipulation 

techniques, such as impedance and power control. 

It was established as a method of validation and 

comparison of the tracking of the tray sector defined for 

the type of grip, which, based on an optimization result and 

combined with the joint control system, provides a 

kinematic performance of the proposed mechanism to be 

used as fine grip systems. Different grips presented in this 

document demonstrate the dexterity of the hand, given by 

the type of rigid mechanism and the tracking of the tray 

sector profile. The movements of adduction and abduction 

of the hand expand their usefulness to reproduce different 

types of grips. It is necessary to emphasize that this 

achievement was possible thanks to the design configuring 

the thumb's base. In related literature and similar studies, 

the thumb is generally placed on the opposite side of the 

palm. This feature is inappropriate to install because it will 

not allow an optimal grip when needed. 
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