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Abstract
Soft robots are developed and applied in aspects such as grasping delicate objects. 
Their inherent flexibility also enables applications that are unattainable by humans, 
especially those in life-threatening environments. However, the object grasping 
performed by most pneumatic soft robotics during transportation requires continuous 
external power/force, a highly energy-consuming process, particularly for long-distance 
transportation. In this paper, we propose a low-melting-point alloy (LMPA)-integrated 
soft robot, manufactured by material extrusion additive manufacturing, requiring no 
power/force for holding objects during the moving process and thus presenting energy-
saving characteristics. The working principles of the LMPA-integrated soft robot are as 
follows: (1) The LMPA is injected inside the soft robot using material extrusion. (2) The 
LMPA is heated to above its melting temperature so that the soft robot can change its 
shape. (3) At this stage, the soft robot is able to grasp an object. (4) While the soft robot 
is holding or grasping the object, the LMPA is cooled down to room temperature so that 
it turns into a solid state, and from this point onward, the soft robot can hold the object 
without relying on extra power for object grasping. (5) Once the soft robot arrives at 
the destination, the LMPA will be melted again to change the shape of the soft robot 
for releasing the grip and/or getting ready for another object grasping. In summary, 
this paper presents a case study of soft grippers, using 3D printing, specifically material 
extrusion, for fabricating an LMPA-integrated soft robot.
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1. Introduction
Distinct from subtractive manufacturing and formative manufacturing methodologies, 
additive manufacturing (AM) encompasses a range of technologies commonly referred 
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to as 3D printing, a method that joins materials to create parts 
from 3D model data, typically in a layer-by-layer manner.1-4 
The versatility of 3D printing is evident across various domains, 
including aerospace,5-8 medicine,9-14 marine engineering,15-19 
food,20-23 functional structures,24-27 and bioscience.28-32 In the 
realm of soft robotics, 3D printing plays a pivotal role due to 
its capacity to construct intricate designs.33-35

Soft robots, characterized by their flexibility and 
adaptability,36 have been increasingly deployed in 
applications ranging from delicate object manipulation 
to operation in hazardous environments where human 
intervention is not feasible.37 The inherent compliance of 
soft robots allows them to interact with their surroundings 
and handle objects with varying degrees of flexibility. 
However, a significant limitation persists in the operation 
of pneumatic soft robots: they often require continuous 
external power or force to maintain their grip on objects 
during transportation,38 leading to unnecessary energy 
consumption. This is particularly problematic for long-
distance transportation, where maintaining a sustained 
grip results in considerable energy consumption.

To address this challenge, Tang et al.39 explored the 
use of elastic instabilities to enhance the performance 
of soft robots. They designed a bistable hybrid soft 
actuator inspired by the spine of a cheetah, utilizing a 
pre-tensioned linear spring and soft pneumatic actuators 
to achieve rapid and high-force movements. The bistable 
mechanism enables the actuator to switch between two 
stable states, providing dynamic operating regimens 
for high-speed crawling and swimming. Wang et al.40 
introduced an inflatable particle-jamming gripper that 
combines positive pressure and partial filling to enhance 
grasping performance. The gripper adapted its shape to 
objects through particle jamming, presenting significant 
compliance and robust grasping capabilities. The particle 
jamming technique offers a robust way to lock the gripper’s 
shape. Li et al.41 presented a vacuum-driven soft gripper 
based on an origami “magic-ball” structure. The gripper 
used negative pneumatic pressure (vacuum) to achieve 
significant grasping force while maintaining compliance. 
The vacuum-driven approach provides an effective method 
for locking the gripper’s shape. Faber et al.42 investigated 
the folding mechanism of the earwig wing, which remained 
open through a bistable locking mechanism and rapidly 
self-folds without muscular actuation. Inspired by this 
biological system, they developed a spring origami model 
that enables programmable morphing functionalities 
through precise design and fabrication. However, the 
fabrication processes involved in these studies are complex.

In this paper, we propose an innovative solution that 
aligns with sustainability and energy-efficiency principles, 

utilizing a two-nozzle extrusion 3D printer to achieve 
integrated printing of a soft gripper that has the function 
of lock in place. Our approach involves integrating low-
melting-point alloys (LMPA) into soft robots. LMPAs, 
which include elements such as tin (Sn), indium (In), 
bismuth (Bi), and gallium (Ga), can transition between 
solid and liquid states at relatively low temperatures 
(generally below 300°C).43 The advantages of LMPA include 
ease of handling, good thermal and electrical conductivity, 
reusability, and mechanical strength. LMPA usually 
incorporates low-melting-point elements.44 The applications 
of LMPA include bionics,45 clean energy applications,46 
thermal management,47 biomedical applications,48 and 
electromagnetic shielding.49

In this study, we attempted an innovative methodology 
for designing and fabricating a soft robotic gripper 
embedded with LMPA using material extrusion 3D 
printing, specifically fused deposition modeling.50,51 This 
approach leverages the state-changing properties of LMPA 
to create a soft robot that can transition between a pliable, 
soft state, and a rigid, solid state. The basic operating 
principle involves heating the LMPA above its melting 
point to allow the soft robot to change its shape for holding 
and grasping objects. While holding or grasping the object, 
the LMPA is cooled to room temperature so that it turns 
into a solid state to enable the robot to continue holding 
the object without consuming additional power.

By utilizing 3D printing techniques, we can precisely 
control the placement and integration of LMPA within the 
soft robot, ensuring optimal performance. The proposed 
grippers that can maintain a grip without continuous 
energy input represent a significant advancement in soft 
robotics, addressing issues in both energy efficiency and 
mechanical strength. Furthermore, the incorporation 
of LMPA into soft robots can enhance their operational 
capabilities. The solidified LMPA not only maintains the 
grip but also improves the structural rigidity of the robot, 
enabling it to handle heavier objects and operate in more 
demanding environments. This dual functionality of 
LMPA providing both flexibility and rigidity opens new 
possibilities for the design and application of soft robots.

2. Materials and methods
2.1. Design of soft grippers

To facilitate a comprehensive evaluation, two types of soft 
grippers were designed: A pure thermoplastic polyurethane 
(TPU) soft gripper and an LMPA-integrated TPU soft 
gripper. Both grippers were engineered to possess identical 
dimensions and functional characteristics, enabling a direct 
comparison of their performance. The design process was 
meticulously executed using SolidWorks 2022.
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In our designed LMPA-integrated soft gripper, the 
LMPA serves a similar function in both pneumatic and 
cable-driven soft robots. The primary purpose of the 
LMPA is to enhance stiffness and enable shape locking 
through phase transition, which is beneficial in both 
actuation mechanisms. In this work, we utilized a cable-
driven soft gripper as a case study example. The cable 
and the tip of the soft gripper are fixed together. The 
cable passes through the interior of the gripper and exits 
through the center of the soft gripper. Upon actuation, 
the cable induces bending in the gripper due to its uneven 
structural design. The fundamental operational concept of 
the designed gripper involves the contraction of the arms 
to grasp components when subjected to wire tightening, 
as illustrated in Figure 1A. This mechanism ensures that 
the gripper can securely hold objects of varying shapes and 
sizes, making it suitable for a wide range of applications. 
Detailed dimensions and structural features of the pure 
TPU soft gripper and the LMPA-integrated TPU soft 
gripper are depicted in Figure 2.

2.2. Materials

The primary material used for fabricating the soft grippers 
was TPU, sourced from Polymaker LTD (China). TPU 

was chosen due to its excellent flexibility, durability, 
and compatibility with 3D printing processes. The TPU 
filament had a diameter of 1.75  mm, suitable for precise 
extrusion through the 3D printer nozzle.

For the LMPA-integrated gripper, an LMPA was used 
to fill the interior of the gripper. The LMPA, supplied by 
Dongguan Houjie Dingtai Metal Materials LTD (China), 
consisted of a composition of tin 12.5%, bismuth 50%, 
lead 25%, and cadmium 12.5%, with a melting point of 
70°C. This specific alloy was selected due to its suitable 
melting point, ease of handling, and excellent thermal and 
mechanical properties.

2.3. Manufacturing process

The manufacturing of the soft grippers was carried out 
using a customized 3D printer from Polarbear 3D (China). 
This printer was modified to include an additional nozzle 
specifically for injecting LMPA, as shown in Figure 3. This 
dual-nozzle setup allowed for the simultaneous printing of 
TPU and injection of LMPA, streamlining the fabrication 
process.

Key printing parameters for TPU were meticulously 
calibrated to ensure optimal print quality and structural 

Figure 1. Working principle of soft robots integrated with low-melting-point alloys. (A) Soft gripper function illustration; (B) working process of the pure 
TPU soft gripper; (C) working process of the LMPA-integrated TPU soft gripper
Abbreviations: LMPA: Low-melting-point alloy; TPU: Thermoplastic polyurethane
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integrity. The print temperature was set at 205°C, with a 
print speed of 20 mm/s, a layer height of 0.15 mm, and an 
infill density of 30%. The bed temperature was maintained 
at 45°C to promote proper adhesion and reduce warping.

For the LMPA injection, the temperature was set at 100°C 
to ensure the alloy remained in a liquid state for smooth 
injection and even distribution within the gripper’s structure. 
After the TPU gripper was printed, the LMPA was injected 
into the designed cavities of the gripper, ensuring a uniform 
fill and proper integration of the alloy within the TPU matrix.

2.4. Mechanical testing

To evaluate the mechanical performance of the soft grippers, 
tensile tests were conducted using a servohydraulic test 
system from MTS Landmark (MTS Systems Corporation, 
Canada). The test setup is illustrated in Figure  4A. The 
robotic arms of the grippers were subjected to tensile 
testing at a constant speed of 10 mm/min to assess their 
tensile strength and elongation characteristics.

Figure 3. Customized 3D printer with two nozzles (one for printing TPU 
and another for injecting LMPA)
Abbreviations: LMPA: Low-melting-point alloy; TPU: Thermoplastic 
polyurethane

Figure 2. Design for pure soft gripper and LMPA-integrated soft gripper (A) Designed soft gripper of pure TPU (dimension unit: mm); (B) designed soft 
gripper of LMPA-integrated TPU (dimension unit: mm)
Abbreviations: LMPA: Low-melting-point alloy; TPU: Thermoplastic polyurethane
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The tensile tests were conducted to quantify the 
mechanical properties of the pure TPU and LMPA-integrated 
TPU grippers, providing insights into their respective 
strengths and durability. The outcomes of these tests are 
crucial for understanding the impact of LMPA integration 
on the mechanical performance of the soft grippers.

3. Results and discussion
3.1. Fabrication process

The fabrication process of the soft grippers involved 
distinct steps for the pure TPU and the LMPA-integrated 
TPU samples. Both types of grippers were initially 
printed using the same TPU parameters, including a print 
temperature of 205°C, a print speed of 20  mm/s, a layer 
height of 0.15  mm, an infill density of 30%, and a bed 
temperature of 45°C. This ensured that the foundational 
structure of each gripper was consistent and comparable.

For the LMPA-integrated TPU grippers, additional 
steps were required post-printing. A customized 3D printer 
equipped with a dual nozzle system was used, where one 
nozzle injected the LMPA at a controlled temperature 
of 100°C. This method ensured that the LMPA was 
evenly distributed within the gripper’s internal structure. 
Maintaining precise control over the injection temperature 
and flow rate was critical to avoid air pockets and ensure 
uniform LMPA filling.

Despite these precautions, minor deviations in the 
manufactured samples were noted. The LMPA integration 
process occasionally led to slight variations in the internal 
structure (shrinkage50,51 and porosity52), which could affect 
the uniformity and mechanical properties of the grippers. 
Shrinkage defects occur due to the contraction of the 
material as it cools and solidifies, leading to dimensional 
inaccuracies and potential weaknesses in the printed 
components. The porosity in LMPAs can arise from several 

factors, including improper material flow, incomplete fusion 
of layers, or trapped gases during the printing process. 
These variations were minimized through meticulous 
control of the injection process and temperature settings, 
but they highlight the need for further optimization in the 
manufacturing process to ensure consistent quality.

The quality of 3D-printed parts is significantly 
influenced by the nozzle size used during the AM process. 
Nozzle size affects the resolution, surface finish, and 
mechanical properties of the printed components.53 In our 
integrated extrusion-based AM process, the influence of 
nozzle size was primarily observed in the printing of TPU. 
Larger nozzle sizes tended to produce parts with lower 
resolution and rougher surface finishes, while smaller 
nozzles could achieve higher precision and finer details. 
However, the trade-off includes potential issues with 
clogging and slower printing speeds when using smaller 
nozzles. In contrast, the impact of nozzle size on LMPAs 
was minimal. The LMPAs were introduced into the TPU 
matrix through an injection-like process, which ensures 
uniform distribution and solidification. This method 
mitigates the potential adverse effects of nozzle size 
variations on the quality of LMPA components.

Our manufacturing process for LMPAs, however, 
presents a distinctive advantage in this regard. Unlike 
layer-by-layer AM processes,54 our method involves the 
continuous deposition and solidification of LMPAs as 
a single, cohesive unit. This continuous solidification 
reduces the thermal gradients and the associated residual 
stresses that typically arise in layer-by-layer approaches. The 
reduced residual stress in our LMPA parts can be attributed 
to the following factors. First, the entire LMPA part solidifies 
together as a whole, rather than in discrete layers. This 
uniform solidification minimizes thermal gradients, which 
are the primary source of residual stress in layer-by-layer 

Figure 4. Experiment setup and results (A) Servohydraulic test system for tensile tests; (B) tensile test results of pure TPU and LMPA-integrated TPU 
robotic arms
Abbreviations: LMPA: Low-melting-point alloy; TPU: Thermoplastic polyurethane
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methods. Second, LMPAs melt and solidify at relatively 
low temperatures compared to traditional metal powders 
used in processes like selective laser melting. The lower 
processing temperatures further reduce thermal stresses.

3.2. State-changing effect and recovery rates

The state-changing effect of the LMPA-integrated TPU 
gripper was a pivotal aspect of this study. When heated 
above 70°C, the LMPA transitioned from a solid to a liquid 
state, allowing the gripper to alter its shape and grasp 
objects effectively. This state change enabled the gripper 
to conform to various shapes and sizes, enhancing its 
versatility and functionality.

Upon cooling to room temperature, the LMPA solidified, 
enabling the gripper to maintain its hold on objects 
without external power. This passive holding capability 
is particularly advantageous for applications requiring 
prolonged gripping, as it reduces energy consumption. 
The recovery rate, or the time required for the LMPA to 
solidify and secure the grip, was found to be dependent 
on ambient conditions and the specific heat capacity of 
the LMPA. Experimental observations indicated that the 
LMPA could solidify within 30 s to 1  min under typical 
laboratory conditions. This relatively quick transition 
supports practical applications, ensuring that the gripper 
can rapidly secure objects without significant delays.

3.3. Mechanical strength and energy efficiency

The mechanical performance and energy efficiency of 
the soft grippers were evaluated through a series of tests. 
Figure  1 illustrates the final 3D-printed soft grippers. 
As depicted in Figure  1B and C, a clear distinction is 
observed between the pure TPU soft gripper and the 
LMPA-integrated soft gripper. The pure TPU gripper 
requires continuous external force to maintain its grip on 
components. In contrast, the LMPA-integrated gripper 
can maintain its grasp without external force due to the 
solidification of the LMPA, particularly during the motion 
of components.

This behavior stems from the unique properties of 
LMPA. When the gripper is heated beyond 70°C, the LMPA 
transitions into a liquid state, without compromising the 
gripper’s functionality. Upon cooling to temperatures 
below 70°C, the LMPA solidifies, enabling the gripper 
to hold onto the components securely. This transition 
obviates the need for continuous external energy or force, 
thus conserving energy during prolonged gripping or 
transportation tasks.

The pure TPU gripper is fully dense, as shown in 
Figure  2. In contrast, the LMPA-integrated soft gripper 
contains cavities filled with LMPA. When the gripper is 

actuated by a cable, the LMPA is in its melted state, thus 
exerting minimal resistance to the cable-driven motion. 
This results in a reduced force requirement for actuating 
the LMPA-integrated gripper compared to the fully dense 
TPU gripper. In addition, the presence of cavities and the 
softened state of TPU at elevated temperatures contribute 
to easier deformation.

The tensile test outcomes of robotic arms with 
pure TPU and LMPA-integrated TPU are presented in 
Figure  4B. The LMPA-integrated robotic arm exhibited 
enhanced mechanical strength, withstanding a tensile 
force of approximately 350 N, compared to the pure TPU 
robotic arm’s endurance of around 270 N. This significant 
improvement in mechanical strength can be attributed to 
the reinforcing effect of the solidified LMPA within the 
gripper structure.

It is important to emphasize that the showcased soft 
gripper serves as an illustrative instance. The benefits of 
energy utilization and mechanical strength enhancement 
can also be extended to other soft grippers employing 
diverse energy sources (e.g., pneumatic). The integration 
of LMPA offers a versatile approach to improving the 
performance of soft robotic systems, making them more 
efficient and capable of handling a wider range of tasks 
with minimal energy consumption.

4. Conclusion
This paper introduces the utilization of material extrusion 
for the fabrication of soft grippers incorporating LMPA. 
The primary concept revolves around harnessing the 
favorable property of LMPA’s low melting temperature, 
enabling the soft gripper to transition between a pliable 
state and a solid one. Upon heating the LMPA within the 
soft gripper beyond its melting point, the gripper operates 
conventionally providing the necessary flexibility and 
adaptability to grasp various objects. In contrast, as the 
LMPA temperature decreases to ambient levels, the soft 
gripper transforms into a solid state, becoming capable of 
securing objects without the need for external power or 
force.

This innovation effectively curtails energy consumption 
during the motion process, particularly during long-
distance transportation, by eliminating the need for 
continuous external power to maintain grip. The integration 
of LMPA not only contributes to energy efficiency but also 
enhances the mechanical performance of the soft robots. 
The tensile tests demonstrated that the LMPA-integrated 
TPU grippers exhibit superior mechanical strength 
compared to their pure TPU counterparts, withstanding 
greater tensile forces and providing more robust and 
reliable operation.
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Furthermore, the ability of the LMPA to transition 
between states opens up new possibilities for the design 
and application of soft robots. This state-changing 
capability can be leveraged to create more versatile and 
adaptable robotic systems that can perform a wider range 
of tasks with improved efficiency and performance. The 
use of material extrusion and 3D printing technologies also 
allows for the precise and customizable fabrication of these 
soft grippers, enabling the creation of intricate designs that 
are tailored to specific applications.

However, it is important to acknowledge the limitations 
of this method. The thermal processes involved in heating 
and cooling the LMPA require time, which can lead 
to extended durations in the process of transporting 
objects. This time factor may pose a challenge in 
applications where rapid response and quick operations 
are critical. Future research could focus on optimizing the 
thermal management and control systems to reduce the 
transition times and enhance the overall efficiency of the 
LMPA-integrated soft grippers.

The integration of LMPA into soft grippers through 
material extrusion presents a promising approach to 
address the energy consumption challenges in soft robotics. 
This innovation not only enhances the energy efficiency 
and mechanical performance of the soft grippers but also 
paves the way for more versatile and adaptable robotic 
systems. Despite the current limitations, the potential 
benefits and applications of this technology are significant, 
warranting further exploration and development in the 
field of soft robotics.
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