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Abstract: This paper studies the viability of using a class of phase-changing materials for the design
of controlled variable stiffness robotic joints which enable the design of robots that can operate in
confined spaces. In such environments, robots need to be able to navigate in proximity or while in
contact with their environment to reach one or more manipulated target. Joints with controllable
stiffness can substantially enhance functionality of this class of robots where relatively higher joint
stiffness is required to support the robot weight against gravity and low stiffness is desired when
operating in complex or delicate environments. The research work presented in this paper focuses on
examining thermorheological fluids (TRF) to design and manufacture thermally controlled variable
stiffness joints. Two phase-changing materials are considered in the study: low-melting-point solder
and hot-melt adhesive. Both materials are embedded in a custom designed joint fabricated using
3D printing and silicone casting. Joint stiffness was investigated with both materials and reported
here. The results shows that the proposed variable stiffness joints with TRF achieve wide ranges of
load-deflection ratio varying between 0.05 N/mm (when thermally activated) to about 10 N/mm (in
bonding state). On average, the joint can withstand 20 times its total weight when in the bonding
state. Design challenges and durability of TRF-based joints are discussed.

Keywords: variable stiffness; thermally activated joints; thermorheological fluids; phase-changing
materials; robotic joint design

1. Introduction

The variable stiffness joint design and TR fluids characterisation discussed in this
work can be applied to various applications of robotics. Snake-like robots will be used
as a direct application and objective behind this development. Snake robots represent
a unique class of bio-inspired mobile robotic platforms. Its uniqueness lies in its ability
to operate within unusual and minimally structured environments which often require
high levels of adaptability and accuracy. These robots consist of several serially connected
joints that allow the robot body to follow complex trajectories mimicking the mobility of
biological snakes. These robots are well suited for operating in complex and non-uniform
environments where the body of the robot should bend around obstacles to reach a target
point to perform an inspection or a manipulation task [1].

Snake robots can be classified based on their actuation mechanisms placement which
can be distributed or centralized. Robots with distributed actuators have their driving
components mounted across the whole length of the structure, each actuator drives one
or more joints [2,3]. Distributed actuator configuration enables a robot to achieve a small
radius of curvature, utilising a high number of degrees of freedom, which makes them ideal
for grasping or latching applications. The challenge remains in the overall weight of the
robot and distribution of mass. Actuators distributed across the snake body greatly increase
the cascaded load and therefore reduces the robot’s capability for self-support, i.e., the
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number of body sections that can be lifted against gravity is limited. Furthermore, their
joints have relatively large cross-section areas to accommodate the distributed drivers [4,5].
Centralised actuation uses one or more driving devices that are positioned at a reference
robot base. Joints are normally controlled using tendons (wires) [6–8]. This configuration
eliminates substantial load acting on the actuators and allows designs of longer self-
supported structures and slender cross-sections. Due to their structure and sometimes the
complexity of the wire mechanism, the range of deflection for each joint is lower compared
to the distributed actuation configuration.

Robotic joints forming the snake robots can be categorized based on the build material.
Hard rigid joints are less likely to be affected by external forces, hence, achieving high
movement and manipulation accuracy. Soft joints are constructed from soft compliant mate-
rials (e.g., silicone, rubber, and springs), while the impact of soft joints on its surroundings
is relatively low, the amount of loading force it can withstand is limited [9,10], while hard
manipulators pose a high level of accuracy, they lack in general the ability to alter rigidity
or stiffness when needed [11,12]. Stiffness control can be achieved using friction between
joints to modulate the overall stiffness [13–15]. Three cables are passed along the body of a
hollow multi-link robot to steer the tip using antagonistic forces. Applying tension on the
wires causes friction at the interface between the joints resulting in increasing the stiffness
of the overall structure. The control of such mechanisms is complex and often results in
limited joint deflection and a smaller overall bend radius. Soft joints pose substantially
larger compliance to adapt to geometric features of their surroundings [9]. This flexibility
usually comes at the expense of constraining the manipulation force.

Variable stiffness techniques become game changers to address the challenges facing
soft joint accuracy and maximum force. Stiffness modulation enables hard and soft robots
to interact with their environments more effectively [16]. Softness enables dexterity and
prevents damage to the environment, whereas rigidity increases the threshold of the applied
force and accuracy. The growing interest in stiffness modulation has led to an increased
interest in smart materials. Specifically, materials that can rapidly and reversely vary in
stiffness. Examples include magnetorheological (MR) fluids [17], electrorheological (ER)
fluids [18,19], thermorheological (TR) fluids [20–23], and granular materials [24–28]. MR
and ER fluids have fast transition times and good range of stiffness change. However, they
suffer from low repeatability, i.e., fluids are subjected to thickening after prolonged use.
TR fluids are an interesting solution to realize stiffness modulation. There have been a
series of attempts with wax, hot-melt adhesive [29,30], and low-melting-point alloy [31,32],
to create controllable stiffness elements in soft robots. These studies focus on the activation
and torque characterisation of these materials or focus on joint design considerations. We
offer here a comprehensive study on (TRF) navigating through the characterisation setup,
joint design, simulation, and fabrication while highlighting the potential and limitations
of these materials for controlled stiffness robotic joints. Jamming is a popular technique
to achieve variable stiffness. Granular jamming uses vacuum pressure to cause powder
materials to transition between solid-like and fluid-like states. It requires a large volume of
granular materials to achieve the desired stiffness and suffers scalability challenges to make
it smaller or lighter. A controllable stiffness origami skeleton is presented in [33], a vacuum-
powered cube is able to achieve various poses and withstand a few hundred grams of load.
Precision manipulation could be a challenge for a fully soft structure. The vacuum interface
can introduce controllability limitations. In [34], the authors discussed the design of a
thermally activated variable stiffness mechanism for a soft finger. The study is particularly
interesting as it introduces a hybrid structure with a soft and rigid part and the effect of
temperature on the soft material. Another approach is shown in [35] where controlled
stiffness is achieved via manipulating the interface area between the torque source and
torque output interface using rotating fin hinges. This design addressed flexibility and
precision but does not address softness and impact on the environment. The mechanism
requires a relatively complex control system.
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The work presented in this paper has two main objectives: 1. investigate the viability
of using TR fluids as means of thermally controlled variable stiffness. 2. design a variable
stiffness robotic joint that satisfies the design requirement. The maximum dimension of
the joint is 5 × 5 × 9 cm and the maximum joint bend angle is 50 degrees. The maximum
load when activated is less than 0.5 N and the minimum yield point in the bonding state
is 5.5 N. The maximum angular velocity is 0.6 rad/s. The rest of the paper is organized
as follows: Section 2 presents the experimental testbed to characterize the response and
repeatability of the two materials considered in this study, low-melting-point solder and
hot-melt adhesive. The design and simulation of a controlled stiffness joint are discussed
in Section 3 before presenting the fabrication techniques to develop two types of joints in
Section 4. Experimental validation and results discussion is presented in Section 5.

2. TR Fluids Characterization

Thermorheological fluids (TR fluids) materials bonding two surfaces are heated to
alter the strength of that bond. Two TR fluids are considered in this study, hot-melt
adhesive (HMA) and low-melting-point solder (LMPS). Before integrating these materials
in the custom-designed joints, we experimentally studied the temperature effect on these
materials and bonding repeatability. The designed testbed shown in Figure 1 consists of
a heating element, a temperature controller, a k-type thermocouple, a layer of TR fluid,
copper tape and wooden clamps. A thin layer of material is placed between two layers
of copper tape to heat the material to its melting point. When heat is removed, a bond is
formed as the material cools down.

Figure 1. Testbed for TR Fluids Bonding Strength Response to Temperature Change.

2.1. Temperature Effect on Bonding Strength

The bonding strength is controlled by varying the applied heat. At melting points,
TR fluid transforms to a semi-liquid state and the bond is easily broken. Field’s metal
and hot glue stick melting points are 62 ◦C and 75 ◦C, respectively. The test assembly is
clamped to an Instron test machine. The bond is broken at different temperatures between
room temperature and melting point with about 5–10 ◦C increments. The bonding area is
measured afterwards and the temperature effect on the bond strength is obtained. Three
independent trials are conducted for each material. Figure 2 shows the results of the
effect of temperature on the bonding strength of LMPS and HMA. The average bonding
strength of LMPS is approximately 1.65 MPa at room temperature. When the temperature
reaches 50 ◦C, the bonding strength is reduced by about 8.32%. As the temperature rises
above 62 ◦C, the bonding strength decreases by an average of 94.2%. The results from the
HMA trials show that as the temperature increases, the bonding strength exponentially
decreases from 1.1 MPa at room temperature to 0.007 MPa at 70 ◦C near its melting point.
The differences in bonding strength between the three trials is due to different temperature
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increment, ambient temperature, and material application. Looking at the results from
Figure 2, considerable effect on overall bonding behaviour is caused by a small variability
in the amount of material applied or the distribution of that material over the host surface.
Both material poses nonlinear bonding strength change with increasing temperature which
affects the selection of the range of operation and application. LMPS response forms two
regions with very small negative slope linear behavior switched at approximately 64 ◦C.
This makes LMPS more suitable for applications where intermittent increased stiffness
is needed. The temperature control resolution required for finely tuned stiffness will be
challenging to achieve. HMA effective operating range can be set below 50 degrees for well
spaced bonding variations. The heating and temperature feedback system specifications
helps in precisely defining the range based on the characteristics.

Figure 2. Temperature response of bonding strength of LMPS (left) and HMA (right). The bonding
strength is the ratio of the bond breaking force to the bonding area. Each color represents the results
from one of the three trials

2.2. Repeatability

The transition between solid and fluid states repeatedly can affect the strength of
the bond created. To study the repeatability of LMPS and HMA bonding force, repeated
heating–cooling experiments are conducted for each material. The same testbed used to
study temperature response is used—Figure 1.

The material is heated to a near melting point temperature. Then, the cylindrical
wooden part, where the top copper tape is glued, is rotated around its central axis to mimic
the motion of a robotic joint. The heat is removed afterwards and the material cools down
to room temperature forming a bond again. The new bond is broken by the Instron test
machine. The bonding area is measured after the separation and the bonding strength is
obtained after each trial. Three trials are carried out, each trial consists of 80 repetitions
and each repetition contains one cycle of heating-rotating-cooling. The same amount of TR
fluid is used to form a bond in each trial. The bonding strength is evaluated after 20, 40, 60
and 80 repetitions. The results of the bonding strength of LMPS and HMA over repetition
are shown in Figure 3. Bonding strength steadily decreases as we repeat the experiment.
The bonding strength of LMPS is reduced by 17.8% after 20 repetitions and by 19.2% after
80 repetitions. The bonding strength of HMA decreases by 16% after 20 repetitions and by
24% after 80 repetitions. The bond breaking point reduction is caused by the loss of mass of
bonding materials due to the rotational motion of the cylinder.
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Figure 3. Results from repeatability experiments showing the decrease of bonding strength of
LMPS (left) and HMA (right).

2.3. Adherend-Dependent Bonding Strength

The TR fluid formed bond strength is affected by the adherend material. To under-
stand this effect, direct shear tests between different types of adherend surfaces were
conducted. The construction material should be light and easy to use for joint fabrication.
Three materials are compared using HMA and shear test: aluminium, copper, and plastic
(VeroWhitePlus). Two plates (80 mm × 30 mm) made of the selected adherents were
pre-treated to form effective bonds. The HMA is melted and applied between the two
plates. The bond is shortly formed at room temperature. The plates are clamped to an
Instron test machine, Figure 4, where the two plates are pulled apart and the shear force
needed to break the bond is recorded accordingly.

Figure 4. Experimental setup for adherend-dependent of bonding strength test. Two copper plates
were glued together by HMA.

Table 1, shows the results of shear strength and variations of five trials between HMA
and each adherend material. The bonding area was measured after the separation of
plates. Shear strength was calculated as the ratio of shear force to bonding area. A material
with higher shear strength is normally the choice for this application. We note that the
shear strength in the case of aluminium and copper is very close. Copper is selected as
an adherend interface due to its higher thermal conductivity (401 W/mK) compared to
aluminium (205 W/mK), and hence helps in reducing the energy required for heating.
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Table 1. Shear strength between HMA and candidate materials.

Material Shear Strength (MPa)

Aluminium 1.0562 ± 0.1770
Copper 1.0496 ± 0.2443
Plastic 0.1846 ± 0.0373

3. Controllable Variable Stiffness Joint Design and Simulation

A concept design of a snake-like manipulator consisting of multiple homogeneous
variable stiffness joints is shown in Figure 5 with the proposed designs of two types of
joints, revolute and spherical joints. Wires are passed through the robot structure to steer
the tip. Variable stiffness is achieved utilizing TR-fluids-based bonding mechanisms.

Figure 5. A concept design of a snake-like robot that consists of a number of revolute and spherical
variable stiffness joints.

3.1. Design of Controllable Stiffness Joints

The controllable stiffness revolute and spherical joints are designed to achieve a bend-
ing range of ±56◦ satisfying the design requirement of a maximum bending angle of 50◦.
Figure 5 shows the CAD models of two types of joints employing TR-fluid-based bonding.
The revolute joint consists of a silicone bellows-like structure, a thermally activated bonding
mechanism, a joint shaft, and a base. The silicone bellows-like structure is designed to
isolate the heat and prevent potential damage to the surrounding environment. The layer
of TR fluid material (LMPS or HMA) is sandwiched between two copper tapes that are
in direct contact with a resistive heating element. The stiffness modulation is achieved
by activating the bonding mechanism: the joint can rotate freely when the TR fluid is
heated and can be rigid at an arbitrary angular position by cooling the bonding material.
Similarly, the spherical joint is composed of a thermally activated bonding mechanism,
a silicone bellows-like structure, a spherical shaft, and a base. The TR fluid material (LMPS
or HMA) is sandwiched between two copper tapes that are heated by a resistive element.
The spherical joint can be steered by three wires passing through the base and the shaft.

A highly flexible silicone material (Ecoflex 0030) is selected to construct the bellows-like
structure [36]. Silicone helps in isolating the heat generated during the thermal activation of
bonding materials. The stress–strain relationship of silicone can be described as non-linear,
isotropic, incompressible and generally independent of strain rate [37–39]. Material specifi-
cations are needed for accurate material modelling for nonlinear simulation in SolidWorks.
Hyperelastic material models can be used to describe the stress–strain behaviour of silicone
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material [40,41]. Ecoflex 0030 characterisation using hyperelastic models was discussed
in [42,43] with a number of possible models to select from depending on the specifications
of the used material. Assuming each joint can achieve an angular velocity of 0.6 rad/s,
the time required to rotate to the desired bending angle of 56◦ can be estimated as:

t =
θ

ω
=

56×2π
360
0.6

≈ 1.6s (1)

An Initial estimation is done to identify the range of strain for the silicone material.
A drawing of a joint before and after bending is presented in Figure 6. The initial height of
the bellows-like structure is 22.56 mm. When a joint is bent to 56◦, the distances between
the top and bottom caps are changed to 29.73 mm and 16.85 mm, respectively. The strain of
the bellows-like structure can be calculated as:

∆ε1 =
L1 − L0

L0
=

29.73 − 22.56
22.56

= 0.3178 (2)

∆ε2 =
L0 − L2

L0
=

22.56 − 16.85
22.56

= 0.2531 (3)

The maximum strain of the robotic joint is estimated as 31.78%. The estimated strain
rate can be computed as (dε = 0.3178

1.6 ≈ 0.1968s−1).

Figure 6. A revolute joint at home position (left) and at 56◦ angle (right).

To account for any potential impurities, we have experimentally identified the best
model that fits the input–output data of the material we prepared. A uniaxial tensile test is
a common approach to determining mechanical properties of materials [44]. The tests are
done for five silicone strips, using a Mecmesin tensile testing machine with a 10 N load
cell, at a speed of 500 mm/min. Figure 7 shows the average data of five trials. The strain
rate of silicone Ecoflex 0030 under 500 mm/min test speed is 0.1911 s−1. Note that the
value obtained analytically closely resembles the experiment output. Data from the test is
fitted using a hyperelastic model that is used in the finite element analysis (FEA). Several
hyperelastic material models, such as Neo-Hookean, 3-term Mooney-Rivlin model, 5-
term Mooney-Rivlin model, 3-term Yeoh model, 2-term Ogden model, and Arruda-Boyce
model are considered to fit the experimental data. The sum of square errors is used to
determine the most appropriate model that describes the material [37]. A 5-term Mooney-
Rivlin model with parameters (C10 = 0.0041, C01 = 0.0079, C11 = 0.0194, C20 = −0.0074,
and C30 = −0.0108) is selected to model the flexible bellows-like structure.
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Figure 7. Tensile test results of Ecoflex 0030. Test setup (left). Stress-strain data was fitted using
hyperelastic models (right).

Joints are simulated in SolidWorks to validate the strain estimates. The joint is can-
tilevered, and an external load is applied to the end-effector of the joint. The contact
condition between the bellows-like structure and revolute joint/spherical joint is set to
be bonded. Solidworks simulation results of the revolute and spherical joints bending
are shown in Figure 8. When the joints are subjected to 56◦ bending angle, the maximum
strains are 0.489 and 0.443 for the revolute joint and the spherical joint, respectively.

Figure 8. Maximum strain of a revolute joint (left) and a spherical joint (right) at 56◦ bending angle.

3.2. Bonding Torque Analysis

To determine the torque required to lock the manipulator at an arbitrary position,
an extreme configuration is considered where a manipulator is placed in a cantilevered
position. The torque affecting each joint is directly proportional to the total weight and
the distance between the joint and the fixed end of the manipulator, refer to Figure 9.
To maintain the manipulator at a cantilevered state, the bonding torque should greater than
the torque imposed by the weight of the manipulator.

Tbond > T = W.L (4)

The bonding force is directly proportional to the material bonding strength and
bonding area. Bonding strength calculation for LMPS and HMA are discussed in Section 2.
The bonding strength on the differential elements (dA) generates a moment around the
centre of bonding area. The differentials of bonding force and moment are given by:
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dFbond = τ.dA (5)

dM = r(τ.dA) (6)

The integration of the moment over the bonding area is equivalent to the bonding
torque (Tbond) and the torque can be obtained by integrating in a polar coordinate system:∫

A
dM =

∫
A

r(τ.dA) = Tbond (7)

Tbond = τ
∫ 2π

0

∫ R

0
r2 dr dθ =

2π

3
τR3 (8)

where R denotes the radius of the bonding area. Given the length and weight of the
manipulator, the bonding torque that is required to hold the manipulator at an arbitrary
position can be computed.

Figure 9. A Snake-like manipulator consists of a number of revolute joints in a cantilevered configuration.

The bonding torque of spherical joints is calculated on the spherical surface. Figure 10
illustrates a simplified torsional model. The bonding area element is given by:

dA = 2πr dS (9)

where r (r = R sin θ) is the radius of the cross-sectional area, R is the radius of the sphere,
and dS represents the arc element (dS = R dθ). The bonding torque can be computed
knowing the material strength τ and the angle θ:

Tbond = 2πR3τ
∫ θ

0
sin θ2 dθ (10)

The models in Equations (7)–(10) provide insights on the design of the robotic joints to
meet bonding torque specifications. In our design, the radius of the circle (Rrevolute = 4.75 mm)
and the radius of the sphere (Rspherical = 4.25 mm). The dimensions were purposely selected
slightly higher than the required values to account for possible small misalignment between
the two surfaces separated by the TR fluids. Table 2 presents the results of the maximum
bonding torque achieved by LMPS and HMA bonds.

Figure 10. Torsional model (spherical joint). Bonding area is shown on the right.
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Table 2. Bonding Torque Results of LMPS and HMA.

Joint Type LMPS Bonding Torque HMA Bonding Torque

Revolute Joint 336.75 Nmm 240.46 Nmm
Spherical Joint 495.79 Nmm 356.47 Nmm

3.3. Joint Stiffness Simulation in Rigid and Soft States

Finite element analysis in SolidWorks is used to simulate the designed joints and
estimate stiffness in the rigid and solid states. An external force is applied to the joint and
the resulting displacement is measured. Stiffness constant K is the ratio of the applied force
F to the deflection δ (K = F

δ ). In this simulation study, we assume that the joints can achieve
a complete shape lock when it is in a bonding state. In other words, the bonding materials
do not contribute to the deflection of the module. It is also assumed that when the bonding
material is activated, the bonding strength is zero. The contact condition between the shaft
and base is set to ‘no penetration’ and the coefficient of friction is 0.3. The contact condition
between the bellows-like structure and joint is set to ‘bonded’.

The revolute and spherical joints are cantilevered in the simulation. An external
load is applied at the free end of the joint to simulate the effect in bonding (rigid) and
activated (soft) states. The simulation results in Figure 11 show the joint strain caused by
the applied force in both states. The displacement is assumed to follow a linear behaviour
(the assumption will be validated through experiments in Section 5). The external loads
used in the simulations are 600 g (5.88 N) and 20 g (0.196 N) in the rigid and soft states,
respectively. The measured displacement, the maximum strain and stiffness constant are
presented in Table 3.

Figure 11. Simulation of a joint response to external load: (a) revolute joint in bonding state. the
external load is 5.88 N resulting in a maximum equivalent strain of 0.03042. (b) revolute joint in a soft
state. The external load is 0.196 N resulting in a maximum equivalent strain of 0.2641. (c) spherical
joint in bonding state. the external load is 5.88 N resulting in a maximum equivalent strain of 0.03586.
(d) spherical joint in a soft state. The external load is 0.196 N resulting in a maximum equivalent
strain of 0.3953.
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Table 3. Simulation Results of the Revolute and Spherical Joints in Bonding and Soft States. ’R’ refer
to revolute joint and ’S’ refer to spherical joint.

State Load Displacement Max Strain Stiffness
Constant

Bonding (R) 5.88 N 1.101 mm 0.03042 5.3406 N/mm
Soft (R) 0.196 N 7.291 mm 0.2641 0.0269 N/mm

Bonding (S) 5.88 N 1.174 mm 0.03586 5.0085 N/mm
Soft (S) 0.196 N 11.488 mm 0.3953 0.0171 N/mm

3.4. Joint Heating and Cooling Processes

Heating energy is consumed to increase the joint temperature and change the phase
of TR fluids. We assume the heat loss during the heating process is negligibly small.
In some cases where the heat loss might be significant based on operating conditions and
heating techniques, the heating model can be updated to incorporate that, hence the model
provided here results in a lower bound on melting time. The energy QTR required to melt
the TR fluids can be expressed by the equation,

QTR = mc(Tmelting − T0) + mL f (11)

where m is the mass of TR fluid, c is the specific heat capacity of the material, Tmelting is the
melting temperature of the fluid, T0 is the initial temperature of the material, and L f is the
material’s latent heat fusion. Melting time t can be estimated using the input energy QTR
and power of the heater Pheater,

t =
QTR

Pheater
(12)

The heating time model provides an insight into consumed energy. Materials with
low-melting-point temperature and low specific heat capacity and low latent heat fusion
are desirable. The amount of material (mass) decrease leads to faster heating but can result
in lower bonding strength.

In the cooling process, heat is transferred in the opposite direction. Figure 12 shows a
schematic of the heat path through the joint during cooling. The energy source is the TR
fluid. The solidification energy of the TR fluid must be lost for the joint to enter the rigid
state. The solidification energy can be calculated as,

Qsolid = mc(T − Tsolidus) + mL f (13)

T is the temperature of the TR fluids at the beginning of the cooling process, Tsolidus is the
solidus temperature of the materials, and H f represents the heat fusion of the TR fluid.
The heat transfer rate during cooling can be estimated as,

q =
T − Tsolidus

Rsink
(14)

where T represents the temperature of the heat sink components at the beginning of the
cooling step, Rsink is the thermal resistance of the heat sink component.

Rsink =
Lheat
Akk

(15)

where Lheat is the length of the heat travel path, Ak is the conduction area, and k is the
thermal conductivity of the material. The cooling time is,

t =
Qsolid

q
(16)
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The model provides insight on how to reduce cooling time. For example, the design
of the heat sink is important to the cooling step. Shorter heat travel path and reduced mass
results in faster cooling.

Figure 12. Heat path of the single module during cooling process. (a) heat path of LMPS- and
HMA-based single module (revolute joint). (b) heat path of LMPA-based single module. (c) heat path
of LMPS- and HMA-based single module (spherical joint).

4. Robotic Joint Fabrication

The proposed robotic joints consist of rigid plastic components (shaft and base), a sil-
icone bellows-like structure and a thermally activated bonding mechanism. The plastic
components are 3D printed using VeroWhite Plus material and Stratasys Objet 1000 printer.
The fabrication of the bellows-like structure and the thermally activated bonding mecha-
nism are discussed in this section.

4.1. TR Fluids Application

Due to the high surface tension and low reactivity with other metals, it is impossible
to apply LMPS (Field’s Metal) to the surface of the copper tape without pre-treatment [22].
Flux is commonly used for preparing surfaces in electronics applications. Flux is used
to pre-treat the copper surface before applying Field’s Metal, see Figure 13. First, flux is
applied to the surface of the copper tape using a cotton swab. Then, the pre-treated copper
tape is dipped into Field’s Alloy at approximately 200 ◦C. As a result, the surface can be
fully covered by Field’s Metal. Flux residue was cleaned with warm water.

Figure 13. The method for applying Field’s Metal to the surface of copper tape. (Left) Applying flux
on the surface of copper tape. (Middle) Dipping the copper tape into melted Field’s Metal. (Right)
The pre-treated surface of the copper tape is covered by Field’s Metal.
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To apply the HMA material, the copper tape is preheated by a hotplate to raise the
surface temperature above the melting point of the used glue stick. Then, a piece of
glue is placed over the heated surface of the copper tape which causes the meltdown of
the material. The bond is formed when the source of heat is removed and the material
cools down.

Figure 14. (a) The mould for the fabrication of the bellows-like structure. (From left to right) Cylinder,
stainless pin, top and bottom cap for fabricating bellows-like structure for revolute joint, bellows-like
cylindrical components (bellows for revolute joint), to and bottom cap for fabricating bellows-like
structure for spherical joint, and two bellows-like cylindrical components (bellows for spherical joint).
(b) Bellows-like structure for revolute joint (left) and spherical joint (right). (c) Controllable stiffness
revolute joint (left) and spherical joint (right).

4.2. Joint Fabrication

A mould is created to fabricate the bellows-like structure for the revolute and spherical
joints, see Figure 14a. The mould consists of a top cap, a cylinder, two stainless steel pins,
two bellows-like cylindrical structures and a bottom cap. The plastic cylinder is used to
create a chamber to accommodate the material. The pins are used to create cable channels.
Mixed components of the EcoFlux 0030 silicone material are well stirred and then put in a
degassing chamber to remove air bubbles trapped in the liquid. The flexible bellows-like
structure is fabricated by pouring the silicone material into the mould. Two stainless steel
pins are then inserted into the bottom cap. The top cap seals the mould and keeps the
pins in place. The silicone material is then cured for around four hours. The fabricated
bellows-like structures for revolute joint and spherical joints are shown in Figure 14b.

The shaft and base of the joint are 3D printed using a resin material. Resistive heating
wires are used to activate the bonding materials. The wires wind and are closely attached
to copper tapes and both are glued to the joint shaft. The joint shaft is then mounted on
the base. The fabricated silicone bellows-like structure is glued to the plastic components
using Sli-Poxy Silicone Adhesive. The fabricated joints are shown in Figure 14c.

5. Experimental Validation

The experimental setup for the designed TR fluids based variable stiffness joint is
shown in Figure 15. The joint is cantilevered, and a varying load is attached to its free
end. The joint deflection is measured in the rigid and soft states for a range of external
loads. The tests aim to validate the analytical model results of bonding torques and
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stiffness constants estimation from the simulation results and provide insight into joint
response time.

Figure 15. Test setup for TR-fluids based revolute joint (left) and spherical joint (right).

Four joint configurations are fabricated and tested: (1) LMPS-based revolute joint
(LMPS(R)), (2) HMA-based revolute joint (HMA(R)), (3) LMPS-based spherical joint (LMPS(S)),
(4) HMA-based spherical joint (HMA(S)). The joints are tested first in a bonding state at
room temperature. An end-effector hook is designed and integrated with the joint structure.
The load is attached to the end-effector using a thin wire as shown in Figure 15. When no
weight is attached to the joint, the deflection of the joint (denoted in the figure by ‘D’) is
taken as the zero-displacement reference. As the load increases, the value of deflection
increases almost linearly until a bond break (yield point) occurs. The test is stopped at
that point. Three trials are conducted for each joint and the average is plotted in Figure 16.
Because the shaft does not mechanically move in the bonding state, the deflection that
occurred before the yield point is caused by the elasticity of 3D printing material.

Figure 16. Load vs. displacement graph for the cantilevered TR-fluid-based joints in bonding state
(left) and activated state (right). The yield points in bonding state are marked by ‘X’ on the left figure.

The average yield points of the revolute joints with HMA-based and LMPS-based
bonding mechanisms are 9.47 N and 13.23 N, respectively. The average yield points for the
spherical joints utilizing HMA-based and LMPS-based bonding mechanisms are 12.25 N
and 16.01 N, respectively. The results indicate that the TR-fluid-based joints can support a
payload equivalent to more than 25 times their weights (the average weight of a TR-fluid
based joint is 38 g). The torque applied to the revolute and spherical joints at the yield
point is calculated and listed in Table 4. The analytical results in Section 3 are compared to
the experimental results, Figure 17. The results show that the model used in the analytical
analysis provides good approximations of bonding torques. The same experiment with
three trials for each joint is repeated in the activated state (TR-fluids are heated to their
melting points). Figure 16 shows the average force required to deflect each of the four joints
when TR fluids are activated. The joint deflection in this case depends fully on the design
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structures, the deflection resistance is mainly due to the friction between shaft and base
and the support from the bellows-like component.

Table 4. Bonding Torque Results at Yield Point.

Joint Type LMPS Bonding Torque HMA Bonding Torque

Revolute Joint 379.91 Nmm 262.32 Nmm
Spherical Joint 484.20 Nmm 370.56 Nmm

Figure 17. Box plot of the bonding torque of TR-fluid-based joints. Theoretical results (yellow
triangles) and experimental results (blue squares).

The stiffness constant is calculated as the slope of the linear region in the load-
displacement Figure 16. Computed stiffness constants of the four joint configurations
in rigid and activated states are listed in Table 5. These values of stiffness constants are
compared to the SolidWorks simulations in Section 3, Figure 18. In bonding state, the per-
formed simulations provide a good prediction of the stiffness constant of LMPS-based
revolute joint, while overestimating the value for other joints. The difference is a result of
the assumptions made in the simulator. The base-shaft interface is assumed to be bonded,
meaning that the TR-fluids do not contribute to the joint deflection. This is generally not
true. For instance, we note during trials that the bonds formed by HMA pose some level
of flexibility which can contribute to the deflection. In the activated state, the stiffness
constants are computed similarly by computing the slopes in Figure 16(right) and compared
to the simulation results in Figure 18. Joint simulations in the soft states provide overall
good predictions of stiffness constants in all joint configurations. The stiffness increases for
the bonding state compared to the soft state is quantified by computing the stiffness ratio.
All joint configurations have a substantial increase in stiffness as shown in Table 5.

Table 5. Experimental Results of Stiffness Constant. ‘R’ and ‘S’ refer to revolute and spherical joints,
respectively.

Joint Material Stiffness Constant in
Soft State (N/mm)

Stiffness Constant in
Bonding State

(N/mm)

Stiffness Increase
Ratio

LMPS (R) 0.029 ± 0.0026 5.969 ± 1.5594 205.8
HMA (R) 0.026 ± 0.0013 1.228 ± 0.2332 47.2
LMPS (S) 0.017 ± 0.0004 3.669 ± 0.4678 215.8
HMA (S) 0.021 ± 0.0006 1.274 ± 0.1131 60.7
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Figure 18. Box plot of the stiffness constant of TR-fluid-based joints in bonding state (left) and
activated state (right). Theoretical results (yellow triangles) and experimental results (blue squares).

Table 6. Power Consumption, Activation Time, and Deactivation Time of the Four Joint Configurations.

LMPS(R) HMA(R) LMPS(S) HMA(S)

Power (W) 2.9 ± 0.2 3.7 ± 0.4 3.6 ± 0.1 2.7 ± 0.5
Activation Time

(s) 13.0 ± 3.9 8.0 ± 1.5 29.4 ± 7.8 18.6 ± 2.5

Deactivation
Time (s) 7.8 ± 1.9 42.7 ± 7.2 18.5 ± 2.8 30.2 ± 5.8

Response time is defined as the time for a single module to change between the rigid
and soft states. The joint is cantilevered in a rigid state, and weight (500 g) is attached at the
free end. Activation time is the time between turning on the resistive heating element and
the moment the joint is fully flexible. The time and power consumption of 12 consecutive
trials are shown in Table 6. HMA joints’ activation times are smaller compared to LMPS
joints since the bonding strength of HMA joints declines exponentially with temperature
increase while the strength of LMPS bonds are slightly reduced with temperature prior to
the yield point, matching the behaviour in our early testing, Figure 2. LMPS-based joints is
faster to solidify compared to HMA-based joints. Note these times may not represent the
state of the bond accurately, they are representing the state of the joint overall since there
are no temperature sensors embedded inside the designed joints. Therefore, part of the
deactivation time can be caused by overheating the joint before measuring deflection.

It is important to realise the TRF material and design limitations. Two possible failures
are observed during the experimental trials. The detachment of the copper tapes from
plastic components may occur before the break of the bond formed by LMPS or HMA.
This can be mitigated by using high shear strength high-temperature resistance (above
80 ◦C) adhesive to attach the copper tapes. The shaft of the spherical joint occasionally
breaks before the bond separation. This can be easily fixed by using materials with high
yield strength to construct the shaft or increase its diameter. Furthermore, the revolute
and spherical TRF joints response time in Table 6 makes them not suitable for applications
where fast stiffness response is required. This can be mitigated by faster techniques to heat
or better heat sink technologies or both.

6. Conclusions

This paper investigates the viability of using TR-fluids in the design of controllable
stiffness joints. The designed joints employ thermally activated bonding mechanisms based
on two TR fluids: LMPS and HMA. A testbed to characterize temperature response and
repeatability of bonding materials is constructed. Experimental results of bonding torque
and stiffness constant are compared to analytical modelling and simulation results. It
is found that the developed model is a good representation of the actual joint and can
predict bonding torques closely in all joint configurations. The developed joints have
demonstrated a significant increase in stiffness in a deactivated state. The designed robotic
joints have demonstrated a significant increase in stiffness at a rigid state supporting a
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payload of more than 20 times their own weight which enables compact robot structures
and opens opportunities for miniaturization. Future work will also focus on different
techniques to embed heating devices and embedded temperature sensors which can help
in detecting melting points, and therefore, enhance joint stiffness control and prevent
overheating. Investigating faster heating and cooling technologies will be investigated to
reduce response time and the effect of fast temperature change on materials will be studies.
The developed TR-fluid joints will be used to construct a multi-joint snake robot where the
dynamic bonding response of moving joints will be investigated.
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