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A b s t r a c t

A linearly moving structure in the area where the friction force is dominant, 
such as ducts filled with grease in the nuclear power plant, experiences 
an increase in friction since the contact surface gets larger as the structure 
proceeds. To solve this problem is critical for the pipe inspection robot to 
investigate further areas and this makes the system more energy-efficient. 
In this paper, we propose a passively growing sheath that can be added to 
linearly moving structures using a zipper mechanism. The mechanism enables 
the linearly moving structures to maintain rolling contact conditions against 
the external environment, which provides a substantial reduction in kinetic 
friction. To analyze the effect of the mechanism’s head shape, a physical 
model was established and compared to the experimental results in this study. 
Finally, the passively growing sheath was shown to be successfully applied to 
the pipe inspection robot for the nuclear power plant.
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1. Introduction
This study describes the friction reduction structure of a 
robot for determining the corrosion of steel inside ducts 
filled with grease to protect steel structures in nuclear 
power plants [Figure 1(a)]. Currently, the process of 
determining the corrosion of steel involves removing 
all the grease, removing the steel, and performing a 
visual inspection after relieving the stress in the steel. 
This process consumes a lot of time and resources. 
Therefore, a robot capable of effectively moving in 

a viscous environment can replace this inefficient 
inspection method and also create various applications 
such as maintenance and reinforcement.

In this research group, a linear actuator-type 
inspection robot is used to move inside the duct [Figure 
1(b)]. Such linear robots experience viscous friction 
due to the relative motion between the actuator unit and 
the grease during movement inside the grease, and the 
magnitude of this friction increases continuously with 
the robot’s movement distance and speed. For example, 
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assuming that the linear actuator used in this paper 
moves at 0.01 m/s when the duct is moved 100 m, the 
viscous friction reaches 180 kg, requiring a high-power 
actuator motor and transmission. Therefore, solving 
the increasing viscous friction problem is essential to 
lighten the system and increase the actuator efficiency.

The tip elongation characteristic of plant roots 
minimizes relative movement and interaction with 
the external environment through end growth without 
overall structure movement [1], hence applying this to 
linear actuators can solve the aforementioned problem. 
The recently popular Soft Vine Robot effectively 
mimics this characteristic through pneumatic means, 
moving effectively in constrained environments and 
presenting various possibilities [2-5]. However, the 
enclosed pneumatic system presents difficulties in 
directly applying the Vine Robot to the aforementioned 
inspection robot.

Thus, if the tip growth characteristics can be 
modularized and added to the existing system, the 
friction reduction characteristic can be flexibly applied 
as needed, and the existing robot can be used more 
flexibly. Hence, this paper proposes a modular friction 
reduction passive growth sheath design through a 
zipper mechanism and conducts a comparative analysis 
through simple modeling and design parameter 
experiments. This paper is organized as follows: 
Section 2 introduces the system design and operation 

method, Section 3 presents the modeling, Section 
4 presents the experiments and results, and finally, 
Section 5 describes the conclusion and future plans.

2. Design
2.1. Conceptual design
The schematic configuration of this system is shown 
in Figure 2(a). One end of the nylon membrane is 
anchored and stored on a spool. When the linear 
actuator moves forward, the head attached to the 
actuator unit moves along with it and pulls the 
membrane stored on the spool. The pulled membrane 
(tail) passes through the head, forming a new outer wall 
that encompasses the entire system, causing the tip to 
grow. Therefore, the new membrane unfolds through 
rolling conditions at the end of the linear actuator with 
minimal friction, allowing movement without relative 
displacement of the entire system.

The main mechanism of this paper is the covering 
transition from an open state to a closed state that 
completely encloses the linear actuator through the 
head, allowing the membrane to be added to the 
linear actuator system as a separate system. This was 
implemented using a zipper mechanism [Figure 2(b)].

In the duct environment assumed in this study, the 
approximate diameter through which the robot can pass 
on the steel wire is 0.1 m, and to minimize resistance 
when moving inside the grease, it was manufactured 

(a) (b)

Figure 1. (a) Diagram of the nuclear power plant duct, (b) a linear inspection system.
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with a diameter similar to that of the inspection robot 
to be attached to the front, which is 0.05 m.

2.2. Operating method
This system grows using the propulsion of the linear 
actuator during growth and is retracted using the 
restoring force of the constant-load spring attached to 
the spool (Figure 3). The constant-load spring exhibits 
a consistent torque output after an initial displacement, 
providing significant advantages over conventional 
springs in a system designed for substantial length 
movement.

The region where the tip grows and zipping occurs 
is divided into the coupling structure that attaches 
to the actuator and the portion where the covering 

transitions from tail to wall. The design of the coupling 
structure is variable depending on the form of the 
linear actuator, and in this paper, a friction-enhancing 
polymer was attached between the actuator and the 
head, then secured with screws to integrate it into the 
existing actuator system. The covering moves along a 
ring-shaped structure surrounding the support structure 
and transitions from tail to wall. During the unfolding 
of the covering, if there is too much slack in the 
covering, the covering may get stuck in the zipper or 
wrinkle, causing interference with the attachment. This 
is minimized by positioning the zipper on the outer 
surface of the head, where there is relatively less slack 
in the covering.

(a)

(b)

Figure 2. (a) Integrated system diagram, (b) eversion process using zipper mechanism
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3. Modeling
The existing Soft Vine Robot experiences force losses 
during the membrane transfer process from the spool 
and the eversion process of the covering, which can be 
formulated as follows [6]:

  (1)

　　　 (2)

The mechanism in this paper unfolds through linear 
drive forces, similar to the Soft Vine Robot mentioned 
above. Therefore, assuming linearity in the relationship 
between forces, equation (2) can be transformed and 
applied as follows:

(3)

Here, Fanchor represents the force exerted on the 
covering from the anchor, Fzip is the force for zipper 
attachment, and Fspring is the restoring force of the 
spool. Assuming very low friction between the 
coverings, the relatively small [Path Dependent] term 

can be eliminated during linear drive motion [7], which 
is simplified as follows:

(4)

The friction behavior between the head and the 
covering during the eversion process can be described 
as a kind of motion between a capstan and a rope 
(Figure 4), and similar to the capstan equation (5), the 
relationship between Fanchor and Fspring can be expressed 
as a coefficient of k(μs, θ) (6).

(5)

(6)

Here, θ is the contact angle between the head and 
the covering, and μs is the friction coefficient between 
the head and the covering. Therefore, the force required 
for the system to grow can be expressed as follows:

(7)

Figure 3. Growing process (left), and 
retracting process (right)
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4. Experiments and results
4.1. Comparison of modeling and experimental 
values
In this paper,  the values of Fmodel obtained by 
substituting the experimentally determined values of 
Fzip and k(μs, θ) into equation (7) were compared with 
Fexp obtained through integrated experiments. The 
modeling results were tested for three different contact 
angles: θ=150°, θ=180°, and θ=230°. The values of 
each term obtained through experiments are shown in 
Table 1.

Fzip was measured as the force required for zipper 
attachment after securing the covering, and Fspring 
was measures as the force required to unroll the 
covering from a spool with 6 m of covering stored. 
k was measured by applying a load to one end while 

fixing the other end, causing the head to experience 
friction with the covering and move at a constant 
speed, as shown in Figure 5. The value of k was 
determined through the process outlined in equations (8) 
to (11), and the average values were calculated for Tload 

at 10 N, 14 N, and 20 N, respectively. All of the above 
experiments were conducted with three replicates each, 
and the results are presented in Table 2.

(8)

(9)

(10)

(11)

Figure 4. (a) System modeling, (b) capstan equation diagram

(a) (b)

Table 1.  Experiment results0

θ=150° θ=180° θ=230°
Fzip 1.5 N

Fspring 6.5 N
k 3.7 3.42 5.14

Fmodel 32.05 N 30.23 N 41.41 N
Fexp 39 N 34.3 N 51.6 N

ERROR 17.8% 11.9% 19.8%
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The modeling values and experimental values 
showed errors of 17.8%, 11.9%, and 19.8% at θ=150°, 
θ=180°, and θ=230°, respectively. This discrepancy is 
due to the wrinkling of the covering and misalignment 
between the zipper and covering, as well as the [Path 
Dependent] term arising from actual covering behavior.

For k(μs, θ) , it was observed that k at θ=230° 
is 50% larger than kθ=180°, indicating a tendency 
for optimized k values depending on the contact 
angle. Unlike the conventional capstan equation, k 
is influenced by factors such as the wrinkling of the 
covering, the clearance between the covering and 
the head, in addition to the contact angle and friction 
coefficient. As a result, the actual motion of the 
covering involves three-dimensional surface friction, 
and the head is not entirely structurally similar to a 
capstan, leading to these variations.

4.2. System integration testing
Based on the results of this experiment, the system 
integration test was conducted with the θ=180° design, 

which requires the least force for system growth. It 
was confirmed that the covering successfully grew and 
retracted with the linear actuator, and the mechanism 
operated as intended (Figure 6).

5. Conclusion
In this paper, a mechanism was proposed for the 
efficient movement of structures that linearly move 
in spaces where viscous friction is significant. 
Additionally, a comparative analysis of the growth 
force was conducted based on the shape of the head 
through simple modeling and experiments. Through 
this, it is expected that in future research, the system 
can be improved with a more optimized head design 
and minimizing Fspring during growth. The actual 
integration experiment with the linear actuator 
confirmed the successful operation of this mechanism, 
and the modular design can potentially be used for 
various purposes in structures that move linearly, 
beyond the linear actuator used in this study.

Table 2. k data results

10 N 14 N 20 N Average
kθ=150° 3.85 3.86 3.4 3.7
kθ=180° 3.46 3.5 3.3 3.42
kθ=230° 5.31 5.13 4.99 5.14

Figure 6. integration test with a linear actuaor
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