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 There are numerous robotic hand designs but the five-fingered robotic hand 
design is the most dexterous robotic hand design due to its similar 
appearance and motions with the human hands. The fingers' motions are 
commonly driven by geared motors or other types of emerging technologies. 
However, the motions are yet to be driven directly by solenoid actuators due 

to its limited stroke length and also general perceptions of its applications as 
an actuator. Nevertheless, solenoid actuators are known for their fast reaction 
time and strong holding force which are useful to generate fast motions and 
strong grasping actions. To realise this concept, previous research and 
developments had been done by the authors but the outcome was not 
convincing enough due to the absence of a working prototype. Therefore,  
this paper introduced a new solenoid actuated robotic hand design and its 
prototype. The prototype was then tested and evaluated in accordance to the 

operational concept where the findings showed that the solenoid actuators 
were capable of generating basic finger motions. 
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1. INTRODUCTION 

1.1.   Overview 

Robotics is a technology that consists of processes or actions that are involved in designing, 
constructing, operating and developing robots [1]. The technology also includes the computer systems for 

controlling, sensory feedback and information processing of robots. These technologies are very important in 

performing a wide range of tasks that are very difficult or impossible to be executed solely by humans due to 

various hazardous elements or safety issues [2-3] such as performing dangerous manufacturing processes, 

handling biohazard elements, disarming bombs, post-disaster search and rescue missions, etc. There are 

several robotic components involved to perform these tasks but the most utilised component is the robot’s 

hand because it has more degrees of freedom (DOF) compared to the other components. 

Robotic hand is available in a wide range of designs but the five-fingered robotic hand design has 

the highest number of DOF. This is because a five-fingered robotic hand is designed to be more dexterous 

compared to the other robotic hand designs as it imitates a human hand in term of appearances and motions. 

These motions are usually generated by electric motors [4-14], but recent advancement in actuator 
technologies such as shape-memory alloy [15-16], pneumatic actuators [14, 17-18] and hydraulic actuators 

[19-21] are becoming more common in generating motions for a five-fingered robotic hand design.  

Even with these technological advancements, modern technological developments of a five-fingered robotic 
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hand have yet to explore the option of using solenoid actuator as the main driving force for the motions.  

This is due to the common perceptions or understandings of the solenoid applications as an actuator. 

Solenoids are generally utilised as actuators for valve control [22-23] and switching applications 

[24-25] due to the large force that the solenoids can produce at short stroke length whilst having a small 

reaction time. This characteristic is very useful to provide strong grasping strength and fast motions for any 

five-fingered robotic hand design. However, the limited displacement due to the short stroke length will 

cause a narrow range of motions for the five-fingered robotic hand design. Nevertheless, the developments of 

solenoid designs have improved over the past few years [26] that allow the solenoid to have a longer 
displacement while maintaining a decent, same or higher amount of force albeit at a higher cost. 

 

1.2.   Solenoid Applications in Robotics 
Solenoid applications are quite limited but the production of solenoids is abundant due to the high 

demand in controlling and switching applications for domestic and industrial purposes. Since robotics also 

involves in a lot of controlling and switching applications, solenoid technology is bound to appear in robotics 

developments and ultimately applied in the system. Based on the recent research and literature reviews that 

have been done, solenoids were never used to generate motions for the robotic fingers directly but are used 

for other robotic applications such as locking mechanism, pneumatic valve control and human arm motions. 

 

1.2.1  Locking Mechanism 

The locking mechanism is used to allow an under-actuated robotic hand to perform multiple grasps 
[27] and generate a lot of independent degrees of freedom from a single actuator [28]. The multiple grasps 

concept were realised by developing three special transmissions to allow the compact joint connected motion 

which connected motion among fingers and adduction/abduction. These specially designed transmissions 

reduced the volume and weight of the hand while at the same time maintain functions necessary for 

generating desired grasps. The locking mechanism can select three different opposed positions of the thumb 

to generate four different grasp actions. 

Meanwhile, the later locking mechanism is applied for linear One-to-Many (OTM) system that 

allows a single actuator to store energy in springs once the solenoids are latched to the toothed pulleys.  

The energy stored in the springs are later used to drive multiple actuator units or independently controlled 

mechanical degrees of freedom once the solenoids are not latched to the toothed pulleys. 

 

1.2.2  Pneumatic Valve Control 

The pneumatic valve of a direct-injection liquid monopropellant powered actuation system is 

controlled by solenoid to provide mechanical power to self-powered human-scale robots [29].  

The pneumatic-type actuators are powered by a hot gas generator when the actuation system triggers the 

catalytic decomposition of a monopropellant. To be precise, the solenoid injection valves control the flow of 

the monopropellant via a catalyst pack into the specified sides of the cylinder which subsequently generates 

pressure on the pneumatic actuator. In order to depressurise the pneumatic actuator, a three-way proportional 

spool valve will exhaust one of the two cylinder chambers. It can be seen that this system can generate more 

energetic figure as compared to a battery-powered servomotor. 

 

1.2.3  Human Arm Motions 
The arm motions are controlled by multi-stage solenoids to generate high amount of force at long 

stroke to imitate an arm muscle motions [30] and realising an exoskeleton concept for rehabilitation called 

Flexible Solenoid-Coil Artificial Muscle (FSAM) [31]. High amount of force and long stroke are necessary 

to generate proper arm functionality because moving an arm requires at least 10 kN of force and 80 mm  

of displacement. 

 

1.3.   Solenoid as Main Actuator for Robotic Hand Design 
As stated previously, solenoid actuators were never used directly or operate as prime movers to 

generate motions for a five-fingered robotic hand due to its short stroke length limitation. However, previous 

research and development that had been done by the authors in [32] showed that it was possible to generate 

motions for a five-fingered robotic hand by using multiple solenoid actuators and unique mechanical linkages 

design. The outcome of the research was a five-fingered robotic hand design that is powered by ten solenoid 
actuators that can work independently or in tandem to generate basic motions of a finger. However, the 

outcome was based solely on mechanical theories or motional concept rather than on a working prototype. 

Therefore, this paper will firstly introduce a new solenoid actuated five-fingered robotic hand design and its 

operational concept in generating basic finger motions. The prototype will then be introduced and tested in 
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accordance to the operational concept so that the solenoid actuators’ capability in generating basic finger 

motions can be evaluated. 

 

1.3.1  Overall Design 
A few design modifications on the previous design in [32] were performed to develop a new 

solenoid actuated five-fingered robotic hand design that is shown in Figure 1 with and without its TPU 

covers. The design modifications were specifically made to improve the joints’ flexibility by using 

thermoplastic polyurethane (TPU) material for the hinge and to ease the wiring routing/connections by 

relocating the sensors to the top of the fingers. The modifications were also specifically made to protect the 

sensors and high tension strings by using TPU covers at the fingers, palm and backhand. Both designs are,  
in approximately, based on an average human (male) hand size (length = 189 mm, width = 84 mm) [33].  

 

 

 
 

Figure 1. The solenoid actuated five-fingered robotic hand design (a) palm (b) sides and (c) backhand view. 

The red lines represent the high tension string connections between the fingers and solenoid actuators 

 

 

The overall design is divided into three main parts; hand, arm and solenoids casing. These parts are 

connected to one another via joints to improve flexibility and durability during experimentations. The arm 

also has internal joints in its design (the diagonal grooves) to improve flexibility and durability.  

It should be noted that the motions are only generated by the hand and solenoids casing parts 

because the solenoid actuators will pull the high tension strings that are connected to the fingers. The arm 

will only provide passage for the strings. Thus, the following sections will provide brief descriptions on the 

hand and solenoids casing components. 
 

1.3.2  Hand Components 
The hand components are shown in Figure 2, with each component’s function is described briefly in 

Table 1. It is important to note that the TPU covers are not shown and the index finger is made transparent to 

display the high tension strings connections.  

The hand design generally consists of fingers that are divided into three phalanges, palm/backhand 

and also passages that guide the strings. Since the phalanges are connected to the palm/backhand and also to 

each another through hinges, the fingers can move in unidirectional motion during actuation (each phalange 

can move or rotate at a maximum of 90°). It is important to mention that the fundamental mechanism or 

operation for each finger is identical even though the thumb’s bottom phalange design is slightly different. 
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Figure 2. (a) Palm, (b) backhand and (c) side view of the hand components 

 

 

Table 1. Labels for Figure 2 
No Description Function 

1 String stopper (double phalanges) Locks the braided nylon to move the top and middle phalanges during actuation. 

2 High tension string (double phalanges) Braided nylon that is connected to a solenoid actuator to move the top and middle 

phalange from a single actuation. 

3 Hinge Flexible TPU material that connects two phalanges and acts like a joint. 

4 String stopper (single phalange) Locks the braided nylon to move the bottom phalange during actuation. 

5 High tension string (single phalange) Braided nylon that is connected to a solenoid actuator to move the bottom 

phalange from a single actuation. 

6 Palm area Provides passages and guides the high tension strings. 

7 Backhand area Provides space to assemble and position the wirings and feedback sensors. 

8 Sensor housing Positions the feedback sensors and wiring connections appropriately when the 

finger moves. 

 

 

1.3.3  Solenoids Casing Components 
The solenoids casing components are shown in Figure 3 and the function for each component is 

described in Table 2. 

 

 

 
 

Figure 3. Solenoids casing (a) side and (b) top view 
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Table 2. Labels for Figure 3. 
No Description Function 

1 Solenoid armature stopper.  

(single phalange) 

The end stop for the single phalange solenoid actuator that ensures the armature does 

not dislodged from the solenoid's casing. 

2 Solenoid armature stopper.  

(double phalanges) 

The end stop for the double phalanges solenoid actuator that ensures the armature does 

not dislodged from the solenoid's casing. 

3 Solenoid actuator (single phalange) Actuator for the single phalange system. 

4 Solenoid actuator (double phalanges) Actuator for the double phalanges system. 

5 Single phalange - thumb Pulls the braided nylon to move the thumb's bottom phalange. 

6 Single phalange - index finger Pulls the braided nylon to move the index finger's bottom phalange. 

7 Single phalange - middle finger Pulls the braided nylon to move the middle finger's bottom phalange. 

8 Single phalange - ring finger Pulls the braided nylon to move the ring finger's bottom phalange. 

9 Single phalange - small finger Pulls the braided nylon to move the small finger's bottom phalange. 

10 Double phalanges - thumb Pulls the braided nylon to move the thumb's middle and top phalanges. 

11 Double phalanges - index finger Pulls the braided nylon to move the index finger's middle and top phalanges. 

12 Double phalanges - middle finger Pulls the braided nylon to move the middle finger's middle and top phalanges. 

13 Double phalanges - ring finger Pulls the braided nylon to move the ring finger's middle and top phalanges. 

14 Double phalanges - small finger Pulls the braided nylon to move the small finger's middle and top phalanges. 

 

 

A basic solenoid actuator, which is shown in Figure 4, is used to move the phalange(s) by pulling 

the high tension string through the plunger when current passes through the copper windings. For this 

particular robotic hand design, there are ten solenoids; five large and five small solenoid actuators. The large 

solenoid is used to move two phalanges simultaneously and the small solenoid is used to move a  

single phalange. 
 

 

 
 

Figure 4. Basic solenoid actuator design 

 

 

It is important to note that the double phalanges solenoid actuators are larger than the single 

phalange solenoid actuators because of two main reasons. The first reason is that the larger solenoid actuators 

have longer stroke length to move two phalanges simultaneously. Depending on certain mechanical factors, 

the stroke length requirement for moving two phalanges simultaneously is twice the amount of stroke length 

required for moving one phalange. The second reason is that the larger solenoid actuators can generate higher 

grasping strength. This statement can be easily understood in the next section which describes the basic 
motions of the finger. 

 

 

2. RESEARCH METHOD 

2.1.   Basic Finger Motions 

In order to generate motions for each finger (including the thumb) by using solenoid actuators,  

the proposed mechanism is based on a muscle-tendon-joints connection. The plunger, which is the moveable 

part of the solenoid actuator (muscle), will provide a pulling force on the high tension string (tendon) to bend 

the hinges (joints). The pulling force will then cause the hinges at the finger's joints to bend via the high 

tension string, which will subsequently move the finger into grasping position. The finger will return back to 

its original position once the plunger does not provide anymore pulling force on the high tension string 
because the bended hinge will return back to its resting position. Due to the solenoid actuator’s limited stroke 

length, each finger requires two solenoid actuators to generate full motion (under-actuated) as shown in 

Figure 5. 
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Figure 5. The finger’s positions when the (a) single phalange solenoid actuator is activated,  
(b) double phalanges solenoid actuator is activated and (c) both solenoid actuators are activated 

 

 

As mentioned above, a single finger requires two solenoid actuators to create a complete motion 

because the total stroke length required to move three phalanges is 33.3 mm (11.1 mm for each phalange). 

Initially, the finger's position is shown in Figure 2(c). When the solenoid actuator for the single phalange is 

activated, it will pull the single phalange high tension string (yellow) and moves the bottom phalange.  

This phalange will move because the high tension string is tied to the single phalange string stopper as 

illustrated in Figure 5(a). 

Take note of the dotted circles in the figure which emphasise the double phalanges high tension 

string's (red) placement that is very near to the hinge's pivot. This particular placement is important to ensure 

that the top and middle phalanges' movements are not critically affected when the bottom phalange moves. 
However, the double phalanges high tension string will be slightly loosen when the bottom phalange moves 

from finger's position in Figure 2(c) to finger's position in Figure 5(a) because the string’s location is not 

exactly at the pivot.  

Conversely, when the solenoid actuator for the double phalanges is activated, it will pull the double 

phalanges high tension string and moves the top and middle phalanges to create a hooking action.  

These phalanges will move because the high tension string is tied to the double phalange string stopper as 

illustrated in Figure 5(b). 

The finger will create a complete motion when both solenoid actuators are activated to move the 

three phalanges as illustrated in Figure 5(c). Again, these phalanges will move because the high tension 

strings are tied to the string stoppers. 

Based on the finger's motions, the grasping or holding strength is mostly depends on the net force of 
the double phalanges solenoid actuators. This is due to the fact that the hooking position is already sufficient 

to grab or hold an object. Therefore, the double phalanges solenoid actuators must have a larger net force as 

compared to the single phalange solenoid actuators. Nevertheless, the single phalange solenoid actuators are 

still important to assist in grasping objects that have various shapes and sizes. 

 

2.2.   The Five-Fingered Robotic Hand Prototype 

The prototype, which is shown in Figure 6 without covers, was used to evaluate the solenoid 

actuators’ capability in generating basic finger motions as described in Section 2.1.  

This prototype’s appearance is similar to the graphical design because the parts are 3D printed. Only 

the solenoid actuators, high tension strings and string stoppers were acquired in readymade forms. To be 

presice, the solenoid actuators are made by Guardian Electric and rated at 12 V but the single phalange 

solenoid actuators use the T6x12-I-12 model (top) that has a maximum stroke length of 12.7 mm whereas the 
double phalanges solenoid actuators use the bigger T8X16-I-12 model (bottom) that has a maximum stroke 

length of 25.4 mm. Meanwhile, the high tension strings and string stoppers are made from braided nylon 

fishing line and plastic bead respectively. 
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Figure 6. The five-fingered robotic hand prototype (a) palm, (b) sides and (c) backhand view 

 

 

3. RESULTS AND ANALYSIS  

The prototype’s basic finger motions, which are based on the operational concept described in 

Section 2.1, are depicted in Figure 7. 

It can be seen that the prototype's basic finger motions are similar to the basic finger motions of the 

design. Even though there is a slight angle variation due to some unexpected mechanical factors such as 

inconsistent hinge stiffness and string tension, the phalanges moved in accordance to the assumed or 

expected positions of the design. Therefore, these outcomes have proven that the solenoid actuators are 

capable of generating basic finger motions for a five-fingered robotic hand. 

 

 

 
 

Figure 7. The prototype finger’s positions when the (a) single phalange solenoid actuator is activated,  

(b) double phalanges solenoid actuator is activated and (c) both solenoid actuators are activated 
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4. CONCLUSION 

Due to the similarity between the basic finger motions that were assumed in the design and also the 

prototype's perceptible outcomes, it can be concluded that the solenoid actuators have the capability to create 

basic fingers' motions. However, further research and developments are required to gauge the solenoid 

actuators' true potentials in the aspect of five-fingered robotic hand design such as grasping strength, reaction 

time and dexterity. This can be realised through in-depth calculations, simulations and further 

experimentations. Nevertheless, these findings can become a catalyst for future improvements. 
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