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ABSTRACT 

This paper describes the design and experimental analysis of novel artificial muscles, made of 

twisted and coiled nylon fibers, for powering a biomimetic robotic hand. The design is based on 

circulating hot and cold water to actuate the artificial muscles and obtain fast finger movements. The 

actuation system consists of a spring and a coiled muscle within a compliant silicone tube. The 

silicone tube provides a watertight, expansible compartment within which the coiled muscle 

contracts when heated and expands when cooled. The fabrication and characterization of the 

actuating system are discussed in detail. The performance of the coiled muscle fiber in embedded 

conditions and the related characteristics of the actuated robotic finger are described. 
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1. INTRODUCTION 

 

A multi-fingered robotic hand improves the dexterous manipulation capabilities of humanoid robots. 

Researchers are using the human hand as a model for creating the same adaptability and 

functionality as the biological system. The overall anatomy of a human hand is complex and 

includes structural and actuating components. Each finger except the thumb is composed of three 

joints: the metacarpophalangeal (MCP), the proximal interphalangeal (PIP) and distal 

interphalangeal joints (DIP). The thumb is comprised of a MCP and a DIP joint. For each finger 

bone, called a phalange (or phalanx), the aspect approaching the fingertip is called distal while the 

opposite end is proximal. These are the key features of the human finger anatomy that we have taken 

into consideration to develop biomimetic robotic hands. The dexterous manipulations of a human 

hand are accomplished by actuating muscles, which can be subdivided into two groups: the extrinsic, 

which are located in the forearm and the intrinsic, which are in the hand. In any hand, precise 

positioning and appropriate motion range are dependent on joint positioning commanded by the 

drive mechanism. To develop robot hands, it is of great importance to choose appropriate actuators 

that function as artificial muscles The Stanford/JPL robot hand [1], Robonaut hand [2], NAIST hand 

2 [3], anthropomorphic prosthetic hand [4], and Dart Hand [5] are good examples among those 

already developed to mimic the natural hand and manipulate something well with two or more 

fingers.  
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Various technologies have been employed to actuate robotic hands. While electrical motors have 

been used to actuate multiple finger joints, it is quite challenging to integrate such actuators into a 

compact humanoid hand. Shape memory alloys (SMAs) are a promising alternative for actuating 

robot hands, wherein a reversible thermally-generated phase transformation from martensite phase to 

austenite phase produces a contraction. SMA muscles have numerous advantages, such as compact 

size, high stress generation and silent operation [6]. However, major drawbacks restricting their 

application are low energy conversion efficiency, hysteretic behavior, low operational frequency, and 

high cost. Hand designs using SMA actuators have been proposed in references [7-10]. Our previous 

hand designs were based on cylindrical SMA actuators that provided only 4% contraction. Several 

pulleys were used to increase the linear displacement of SMA by increasing the total SMA length 

[11]. A new and inexpensive alternative actuator has been recently demonstrated by Haines et al. 

[12]. By transforming polymer fibers used for fishing line and sewing thread into artificial muscles, 

they showed large actuation of muscles in response to thermal actuation. In our current design based 

on coiled monofilament nylon 6 fishing line, high actuation stroke was obtained, thereby eliminating 

the need for pulleys and recursive strings. Compared with SMAs, other impressive advantages of 

these muscles are that they are hysteresis-free, making them easier to control than SMAs, and much 

cheaper ($5/kg for the precursor fiber) than the SMA wires used in our previous design 

($3,000/kg). 

 

Humanoid robots can potentially be used for a variety of tasks in industrial, military, entertainment, 

health care and consumer electronics. For instance, they can be used to teach children vocabulary, 

songs and math, since they can easily read text and can be programmed to imitate human emotions 

by gestures such as smiling and frowning. They could be used for medical studies and training 

health professionals if developed with anatomy similar to humans. A highly dexterous and efficient 

humanoid hand capable of accomplishing complicated, dangerous or monotonous tasks could 

eliminate risk and promote productivity. However, the actual development of these systems requires 

seamless integration of various fields: materials for the robots, control, artificial intelligence, and 

cognitive study. 

 

Figure 1 shows our latest biped humanoid, which is entirely 3D printed and designed based on the 

anatomy of a 6- to 7-year-old child. The head size is smaller as compared to the child of that age, but 

only the skull without the skin is shown in the figure. This platform is being used to develop a highly 

dexterous and efficient humanoid hand capable of a suite of programmed tasks. To develop such a 

hand, the development of artificial muscles and muscle systems that provide both high levels of 

force and adequate stroke for joint-flexing is important.  

 

In this paper, we describe how the polymer fiber artificial muscle is made by inserting twist in a 

nylon 6 fishing line to produce coiling, and demonstrate how the coiled nylon muscle is integrated to 

actuate the index finger of a humanoid hand. We characterize this muscle used for flexion, and 

provide experimental results for index finger motion. 
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Figure 1.  Photographs of the HBS1 humanoid designed to the size of a 6- to 7-year-old child. This 

humanoid is being used for studies of artificial muscle applications, camera-hand coordination, 

mobility research and social communication: (a) a 10-year-old boy standing next to HBS1 and (b) a 

12-year-old boy greeting the HBS1. 

 

2. Design of Artificial Hand based on Coiled Nylon Muscles  
An anthropomorphic appearance was desired to duplicate both the intrinsic structure and dynamics 

of a human hand. In our robot hand, all five fingers consist of three joints as seen in Figure 2. The 

end of each phalanx includes holes for bolts to create moveable joints. The DIP, PIP and MCP joints 

are shown along with groves on the side of each phalanx used to recess the torsional springs. At rest, 

the DIP joint is held in approximately 10 of flexion, as shown in Figure 2(a). The flexed state of 

the finger is shown in Figure 2(b), where the PIP and DIP joints develop increased angles. Torsional 

springs made of music wire were used to affect index finger extension. As can be observed at Figure 

2(c), the prototype hand has an extra joint, which mimics the limited mobility carpal-metacarpal 

joints. The overall size of the hand is 122 mm × 64 mm × 14 mm in length, width and thickness, 

respectively. The lengths of the phalanges in the hand are summarized in Table 1. The coiled fishing 

line artificial muscles are located in the forearm and connected to the fingers via tendons (Figure 

2(d)).  Based on the fact that PIP and DIP joints of the human hand in flexion move in near-

synchrony, the strings were attached to the distal phalanges alone to power the entire finger. The 

tendons were routed along the volar and dorsal aspect of the fingers through semicircular guides. 
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Figure 2. (a) Finger configuration at nominal resting state, (b) finger at flexed state, (c) 

prototype hand and (d) the actution system  housed in the forarm and tendens connected 

to the fingers.  

 

All the finger and hand parts were separately designed in SolidWorks (Dassault Systemes,Waltham, 

MA) and assembled following a bottom-up assembly modeling approach. The parts were fabricated 

by a 3D printer (Dimension Elite, Stratasys Ltd., Eden Prairie, MN) in acrylonitrile butadiene 

styrene (ABS) plastic. The resolution of the printer is 0.178 mm (0.007 in), the thickness of one 

printed layer. When designing finger components, the minimum joint tolerance was considered. The 

smallest features in the fingers are the 2 mm holes used to connect the links, which form the joints. 

After fabrication, the hand was assembled using standard machine elements, such as tiny shafts, nuts 

and springs. Given the limited volume of the hand and forearm in our pediatric model, it would have 

been difficult to incorporate traditional motors.  

 

Table 1. Phalangeal parameter assigned for artificial hand. 

i Finger Length of phalanx(mm) Total(mm) 

     𝑙1       𝑙2       𝑙3       𝑙𝑡 

1 Thumb 18 15 14 47 

2 Index 13 11 12 36 

3 Middle 18 15 14 47 

4 Ring 13 11 13 37 

5 Little 13 11 11 35 
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3. Nylon Muscles Fabrication and Characteristics 

The nylon-based muscle was made of 860 µm diameter, commercially purchased nylon 6 fishing 

line (EagleClaw 80 lb test monofilament). This precursor fiber was converted to an artificial muscle 

by twisting the precursor fiber to just below the point where fiber coiling would begin and then 

wrapping the twisted fiber around a mandrel to form a coil. To accomplish this, the following muscle 

fabrication procedure was used, which is similar to that previously described [12]. One end of the 

fishing line was attached to the shaft of a rotational motor and the other end connected to a 900 g 

weight, which was tethered so it could not rotate. The choice of this weight is important, because the 

fishing line tends to snarl prior to coiling under too little tensile load and break during coiling under 

excessive load. Then the muscle was obtained by wrapping the twisted, non-coiled fiber around a 1.6 

mm diameter steel rod using the same handedness of coiling as that of the initial twist insertion. 

Finally, while tethering the two fiber ends so that untwist could not occur, the coiled fiber was 

thermally annealed for 2 hours at 180 C to set the inserted twist. During this anneal, the coiled fiber 

was tethered under tension at fixed length to avoid inter-coil contact. The final outer diameter of the 

coiled fiber was 3.33 mm and the spring index (the ratio of mean coil diameter to fiber diameter) 

was 3.9. This thermal anneal was needed to obtain highly reversible performance and provide a 

coiled muscle in which muscle contraction during thermal annealing does not result in inter-coil 

interference that degrades muscle stroke.  

  

4. Actuation system and experimental setup 

A block diagram of the experimental setup used to characterize thermal actuation for the above 

artificial muscle is shown in Figure 3. One end of the muscle was attached to the support, while the 

other end supported a 200 g weight. A black tape was glued to the attached weight for tracking 

muscle movement by using a fast camera (Phantom Miro eX2), which was interpreted using image 

processing. In this experiment, the coiled muscle had a non-loaded length of 128 mm and a syringe 

was used to inject hot water along the muscle to cause actuation and to inject cold water to reverse 

actuation. Actuation was characterized after less than five training cycles under the 200 g load. 

 

 

 

 

Figure 3. Schematic diagram of the 

experimental setup for characterization of 

actuation for the coiled fishing line muscle 

and, in the detail, an optical micrograph 

for this muscle of the 3.33-mm-diameter 

coil formed by inserting twist in the 860-

m-diameter monofilament fiber and 

wrapping the twisted, non-coiled fiber 

around a 1.6 mm diameter steel rod. The 

bar scale for the optical micrograph is 1 

mm.  
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The design of the actuation system is illustrated in Figure 4(a). In related work, Matthew et al. 

demonstrated the actuation of SMA in liquid fluid [13]. In that paper, they demonstrated that a 

compliant tube enables the SMA actuator to expand and contract freely. In our case, to pre-strain the 

coiled fishing line muscle, a spring was embedded in the silicone tube, which provided the pre-strain 

without losing the tube‟s compliance. Figure 4(b) illustrates the actuator system composed of a 

silicone tube with embedded compression spring, a coiled fishing line muscle, and two 3D printed 

connectors that were attached to the two terminals of the silicone tube. Silicone was chosen for the 

tube so as to enable the actuator to have a soft and flexible body. The coiled fishing line muscle was 

used as the contractile elements of the actuator system, while the return spring was used as the 

extensor element. The coiled muscle measures 3.33 mm in outer coil-diameter and 86 mm in length, 

while the silicone tube is 8 mm in diameter and 112 mm in length. One end of the actuating system 

was fixed in the forearm, while the other end was connected to the string that was attached at the 

fingertip.  

 

 
 

Figure 4.  (a) Coiled fishing line actuator, (b) The prototype, (c) Schematic diagram of the 

experimental setup used to test the performance of the coiled muscle in the robotic hand 

application and (d) picture of the experimental setup.  
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Next, we describe the experimental setup used for testing the performance of the coiled muscle in 

the robot hand. A block diagram of the experimental setup is shown in Figure 4(c). The 

experimental setup consists of power supply (Topward 6306D), mini DC water pump (Size, 

L*W*D: 32 mm x 22 mm x 36 mm), water reservoir and 3D printed hand prototype. In Figure 4(d), 

two pumps were used to circulate hot and cold water to the actuator system. The water pump is 

capable of delivering water at high temperature through the silicone tube (nearly 100℃), which can 

generate large muscle contraction that is transmitted to the fingers through the string tendons. The 

finger flexion operates as follows: power is supplied to the hot water pump; the hot water passes 

through the silicone tube and across the coiled fishing line muscle resulting in muscle contraction. 

The soft compliant silicone tube is compressed due to the contraction of the muscle, while pulling 

the flexible string attached to the fingertip, allowing flexion of the index finger. Then, cold water is 

passed through the tube so that the muscle recovers its initial length, while a return spring allows the 

extension of the finger to its original position in rest state. 

 

5. Flow Analysis 

We modeled the fluid flow field inside the silicone tube as shown in Figure 5(a). Computational 

Fluid Dynamics (CFD) simulation was done in ANSYS 14.5 Workbench
TM

, using meshing software 

ICEM CFD and Fluent. The boundary conditions for the fluid flow field inside the tube were defined 

as follows: the „fluid-in‟ terminal was assigned as having the inlet velocity condition, which was 

calculated as 4.2 m/s; the „fluid-out‟ terminal was defined as having the outlet pressure condition, 

which was set to atmospheric pressure; all other surfaces were defined as wall condition. Figure 

5(a) shows the 3D generated mesh and Figure 5(b) is the prototype silicone tube embedded with the 

return spring.  

 

Figure 5. (a) 3D meshed model and (b) actual silicone tube embedded with spring.  

 

A simulation was carried out to observe the fluid flow conditions in the piping system that housed 

the actuator. The actuator is not placed in the simulation model to simplify the problem of obtaining 

the fluid velocity profile along the silicone tube. The flow was computed as steady state mode (time 

independent) using the constant inlet velocity of water at 4.2 m/s. The model material in the 

simulation was chosen from the fluent database as water. Gravity was applied in the vertical 

direction of Figure 5. We define two planes across the model: one is the horizontal plane passing the 

tube and the other one is the plane passing though the outlet cross section as shown is Figure 5(a). 

Proc. of SPIE Vol. 9431  94310I-7

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 12/05/2016 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx



Vector 2
r- 4.297

3 223

Ve ocity
Contour i
-4 297

3.868

3.438

3.008

2.578

2.149

1.719

1.289

8.5991111111p

4.297

0.000
[m s"-1[

' Outlet

Figure 6(a) shows the simulation result of the velocity vector. It can be inferred that a significant 

decrease in velocity magnitude exists near the inlet. Then, the fluid flows at a nearly constant speed 

through the tube, which is beneficial for the heating/cooling of the coiled fishing line muscle. Figure 

6(b) shows the velocity contour has the same trend as the velocity vector distribution. However, 

from Figure 6(b), we can also see that near the outlet portion, the speed in the centroid area is 

slower. A multiphysics simulation considering the coupling effect between silicone tube deformation 

and the water, as well as the coiled muscle, could provide a more accurate simulation model. 

Nevertheless, the present simulation results still clearly show the nature of fluid flow inside the 

silicone tube.   

 

 
Figure 6. (a) Velocity vector in the two predefined planes and (b) Velocity contour in the two 

predefined planes.  

 

Figure 7 shows the hydrothermal actuation of a mandrel-coiled muscle (3.33-mm-coil-diameter and 

128 mm long when non-stretched) nylon 6 fishing line during lifting a 200 g load by 22%, when 

manually switched between 21℃ water and 99 ℃ water using the experimental setup shown in 

Figure 3. The muscle was 170 mm in length when under 200 g load. When hot water flows over the 

muscle, the nylon fiber undergoes a negative axial thermal expansion and a large positive radial 

thermal expansion, which results in the overall contraction of the coiled fiber. The monofilament 

achieved a maximum displacement of about 37.5 mm to lift a 200 g load.  
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Figure 7. Hydrothermal actuation of a coiled 3.33-mm-coil-diameter nylon 6 fishing line as it 

lifts a 200 g load by 22%, when manually switched between 21℃ water and 99℃ water. The 

black attached paper at the end of the load is to provide high contrast with the background for 

image processing. Only the end portion of the actuator is shown in the figure.  

 

 

Figure 8 shows thermal actuation as a function of time for the coiled monofilament fishing line 

muscle (860 µm fiber-diameter, 3.33 mm in coil-diameter and 128 mm in length), while lifting 200 g 

in the experimental setup shown in Figure 3. The hot source temperature was varied between 60℃ 

and 99℃, while the cold source temperature was kept as 21℃. Hot water was provided to the inlet 

of the silicone tube at ~1.5 seconds and the supply is stopped at ~7 seconds. Just after the hot water 

supply is stopped, the cold water is supplied, and later stopped when the actuator returns to its cold-

state length. The arrows and texts in Figure 8 show the timing of the hot and cold water injections. 

Tensile actuation was calculated as the ratio of the contraction to the initial loaded length of the 

coiled fishing line. When the temperature of the hot water changed between 60 ℃ and 99℃, the 

tensile contraction of the muscle increased from 8% to 22%, as shown in the figure. When hot water 

was passing through the channel, the coiled muscle required at least ~1.5-2.5 second to reach steady 

state contraction. The muscle starts contacting at t = 1.5 sec (Ta=0 sec), the time when the hot water 

is turned on.  The rise time of the muscle (Tr) varies, but it is bounded by 1.5 to 4 seconds. The rise 

time (Tr) in step input signal is the time required for a signal to change from a low value (10% of 

final value) to a high value (90% of final value).  Using active cooling, the cooling time of the 

actuator is usually less than 5 seconds. This cooling time depends on the convective heat transfer, 

polymer heat capacity, and the volume and surface area of the muscle. We have shown previously 

[12], that a similar size muscle can contract 12%, lifting a weight of 500 g when switched between 

95 ℃ and 25 ℃  water at 0.2 Hz. 
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Figure 8. The time dependence of tensile actuation for a coiled fishing line muscle as a function of 

the temperature of the hot water used to produce muscle contraction. A 200 g weight was raised 

during muscle contraction.  

 

 

A 86-mm-long fishing line muscle having 3.33 mm coil diameter was employed in the experimental 

setup shown in Figure 4 to actuate finger motion. The trajectory of the index finger joints was 

obtained by using a fast camera (Phantom Miro eX2). Four black rectangular marker papers were 

glued to index finger joints. Figure 9 shows the 3D printed robot hand prototype used in our 

experimental setup shown in Figure 4. In order to verify the feasibility of our design, the index 

finger was actuated as a representative model for muscle capabilities actuation. Figure 9 shows the 

joint trajectories of the index finger for flexion. Figure 9 (a) shows the initial position of the index 

finger before actuation. Figure 9 (b) shows the final position of the index finger after actuation. The 

PIP, DIP and MCP joints actuated to 41°, 32° and 29°, respectively. From these observations, it took 

less than 2 seconds for finger flexion.   

Tr Ta =0 

Tf 

Proc. of SPIE Vol. 9431  94310I-10

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 12/05/2016 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx



c
ß

 
Figure 9. (a) Initial position of the index finger before actuation and (b) Final position of the index 

finger after actuation. 

 

6. Conclusion  

A robotic hand actuated by a coiled nylon muscle has been described. This prototype robot hand was 

developed to replicate the size of a seven-year-old child hand. We employed a tendon-driven 

mechanism to actuate the index finger. The tendon string was tethered to the fingertip of the index 

finger and the other end was attached to the coiled fishing line actuator. The actuation system 

consists of a compliant silicone tube that houses a spring and a coiled muscle. The silicone tube 

allows the coiled muscle to contract when hot water is pumped through the channel. Experiments 

were conducted to characterize the coiled fishing line muscle in embedded conditions. A thermal 

contraction of 22 % was obtained for a fishing line muscle when switched 25 and 95 water, as the 

coiled muscle lifted 200 g. It is to be noted that the performance of the muscle has not been 

optimized. Nevertheless, the hydrothermal-driven muscle needed only 1.5 seconds to fully contract, 

and this contraction was reversed by exposure to cold water. This muscle was able to actuate the 

fingertip of an index finger to an angle of 41 degree flexion in less than two seconds.  
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