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Abstract Direct control valves (DCVs) are essential components in various industrial processes, enabling the precise
regulation of fluid flow, whether it involves liquids or gases. These valves play a pivotal role in controlling critical system
parameters, such as pressure, temperature, and flow rate, to ensure optimal performance and safety. Traditional
directional control valves often utilize mechanical or electromechanical actuators, which can be complex and prone to wear
over time, leading to potential inefficiencies and maintenance challenges. There is a growing need for a simpler, more
efficient design that offers accurate and predictable control over the direction of fluid flow. Such a system would reduce
mechanical complexity while maintaining the ability to prevent unintended movements within the system. This research
paper explores the design theory of a directional control valve device utilizing a zig-zag shaped sheet made of a Shape
Memory Alloy (SMA), which undergoes oneway training, achieving a trained zig-zag shape, thereby influencing an actuation
behavior. In an absence of heating, the configured expanded state exerts a force to maintain a specific position within the
valve. Actuation occurs by selectively applying heat through an embedded electrical resistance element, causing the sheet
to contract and move a mechanically coupled piston. The piston’s movement controls fluid flow direction. Unidirectional
actuation is achieved through SMA zig-zag sheet’s oneway training, where sheet contraction performs mechanical work
against piston force to provide a precise fluid flow control, enabling applications in diverse industries such as robotics and
automation. This paper details the design, operation, and advantages of the SMA operated directional control valve,
presenting it as a superior alternative to traditional control valves.
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1. Introduction

Directional control valves (DCVs) are essential for regulating fluid flow in various industrial processes. Traditional DCVs
use mechanical or electromechanical actuators, which often introduce issues such as high energy consumption, maintenance
challenges, and limited precision. Actuators in DCVs, available in pneumatic, electric, and hydraulic types, are responsible for
moving the valve mechanism in response to control signals. However, the complexity and susceptibility to wear of these
systems necessitate an improved solution.

Shape memory alloys (SMAs) offer a unique solution to these challenges. SMAs can return to a predefined shape when
heated above a certain temperature (Collazo et al., 2021). This property is harnessed in various applications, from medical
devices to actuators (Chaudhary et al., 2024; Zareie et al., 2020). In this study, we explore the potential of using SMAs in the
operation of directional control valves to provide a more efficient, reliable, and precise control mechanism. The device
comprises a corrugated sheet that is made up of a Shape Memory Alloy (SMA) and is shaped into a zig-zag shape by being
subjected to heating to a high temperature. Said SMA zig-zag sheet is configured to exert a force upon contraction. The device
also comprises a piston, wherein the SMA zig-zag sheet causes the piston to move upon an actuation process produced through
heating. The movement of the piston controls a flow direction of the fluid within the DCV. The heating is produced by a means
for heating that induces contraction and actuation on the SMA zig-zag sheet to control the flow direction of the fluid. The
device also comprises a housing, which encloses the SMA zig-zag sheet, the piston, and the means for heating.

Ni-Ti-based alloys, which contain 48-52% nickel by weight, are particularly valued for their shape-memory and pseudo-
elastic effects. These alloys are characterized by a broad plateau and significant stress hysteresis, as well as good workability
in the martensite phase and excellent resistance to corrosion and fatigue (Hartl & Lagoudas, 2007). The primary objectives of
this innovative design are to achieve precise and reliable control over the fluid flow direction, ensure unidirectional actuation
to maintain control and prevent unintended movements, optimize energy usage by minimizing power consumption during
inactivity, and provide a compact and lightweight design suitable for space- and weight-sensitive applications.

2. Literature Review
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Traditional Control Valves: Traditional control valves, including needle valves and control valves such as those described
in patents (Chen et al., 2000; Elliott et al. 2016), utilize mechanical or electromechanical systems to regulate fluid flow. These
systems often rely on complex assemblies of springs, diaphragms, solenoids, and pistons. While effective, they present several
limitations. Energy consumption: Electromechanical actuators, particularly solenoids, require continuous power to maintain
their position, leading to high energy consumption. Maintenance: Mechanical components are prone to wear and tear,
requiring regular maintenance to ensure consistent performance. Size and Weight: The complexity of these systems often
results in bulky and heavy designs, limiting their application in space-constrained environments.

Shape memory alloys (SMAs), particularly nickel titanium naval order laboratories (Nitinol) alloys, exhibit unique
properties that make them suitable for actuation purposes (Kauffman & Mayo, 1997). Shape Memory Effect: SMAs can
"remember" their original shape and return to it when heated above a specific transformation temperature (Mohd Jani et al.,
2014). Superelasticity: SMAs can undergo significant deformation and recover their original shape upon unloading, which is
beneficial for applications requiring repeated actuation (Isidoro et al., 2021 & Kim et al., 2023). Corrosion resistance: Nitinol is
highly resistant to corrosion, increasing the durability of devices operating in harsh environments.

Application of SMAs in Control Valves: The use of SMAs in control valves is relatively novel (Lagoudas, 2008; Sun et al.,
2012; Namazu et al., 2006; Basit et al., 2013; Takashima et al., 2014; Pimpin et al., 2004; Pelrine et al., 1998; Chen & Liu, 2013;
Jayaram et al., 2018; Grunwald & Olabi, 2008; Hong, 2013). Previous attempts have shown potential but have been limited by
the ability to precisely control the shape memory effect and the integration of SMA components with traditional valve
mechanisms. This research aims to overcome these challenges by developing a control valve that leverages the SMA's unique
properties to enhance performance and reliability.

3. Methodology
3.1. Device Design

The device comprises several key components: the SMA Zig-Zag Sheet, which is a corrugated sheet made of SMA
(Nitinol) shaped into a Zig-Zag form through a one-way training process. Piston: Mechanically coupled to the SMA sheet, it
moves upon actuation through the external input of heat to control the fluid flow direction. Means for Heating: Includes
embedded electrical resistance heating elements to induce contraction of the SMA sheet. Housing: The SMA sheet, piston, and
heating elements are enclosed, providing structural support and protection (Figure 1). The Dassault System's SOLIDWORKS
2019 SP2 is used for the design.
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Figure 1 lllustration of the directional control valve.
3.2. One-way training process

The SMA sheet undergoes a one-way training process, as shown in Figure 2, to ensure predictable and repeatable
actuation. The SMA sheet is heated to approximately 550°C to induce a phase transformation from martensite to austenite. In
the austenite phase, the sheet deformed into a Zig-Zag shape and then cooled to retain this shape. The heating and cooling
cycles are repeated to enhance the memory effect and ensure consistent actuation.
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Figure 2 Oneway training process.

3.3. Actuation mechanism

The actuation process leverages the shape memory effect of the SMA (Figure 3). The electrical resistance heating
elements embedded within the housing selectively heat the SMA Zig-Zag sheet. Upon heating, the SMA sheet contracts,
exerting a mechanical force on the piston. The piston moves in response to the force exerted by the contracting SMA sheet,
controlling the directional flow of the fluid. When the heating elements are deactivated, the SMA sheet cools and returns to
its original shape, resetting the piston to its initial position (Figure 4). Flow chart of the method for operating the directional

control valve in Figure 5.
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Figure 3 Block diagram of the shape memory effect in the device.
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Figure 4 Diagram showing actuation of the SMA sheet a. upon heating and b. removing heat.
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Figure 5 Method for operating the directional control valve.
4. Results and Discussion

The performance of the SMA-operated directional control valve was evaluated on the basis of several criteria, including
precision, reliability, energy efficiency, and design compactness.

The trained SMA sheet provides consistent and repeatable actuation, ensuring precise control over the fluid flow
direction. The device exhibited minimal hysteresis, allowing accurate control signals to be translated into predictable valve
movements. (Nath et al., 2015) The reliability of the device was further enhanced by the corrosion resistance of Nitinol, which
reduced the likelihood of degradation in harsh operating environments. Compared with that of traditional control valves, the
energy efficiency of the device was significantly improved. The SMA-operated valve required energy input only during the
heating phase, with no power consumption during inactivity. This selective heating approach minimizes energy usage, making
the device suitable for applications where energy efficiency is paramount. The use of the SMA allows for a compact and
lightweight design, reducing the overall footprint of the device. This makes it particularly suitable for applications with space
and weight constraints, such as aerospace and medical devices. The simplified design also reduced the number of components
susceptible to wear, further enhancing the device's reliability and lifespan (Mani Prabu et al., 2019). A comparative study was
conducted to evaluate the performance of the SMA-operated directional control valve against traditional control valves. The
study considered factors such as energy consumption, maintenance requirements, control precision, and overall reliability.

The premetive design viz. Traditional control valves, particularly those using electromechanical actuators, exhibit higher
energy consumption because of the continuous power requirements to maintain valve positions. In contrast, the SMA-
operated valve demonstrated significant energy savings by requiring power only during the heating phase. This reduction in
energy consumption contributed to lower operational costs and enhanced sustainability. The mechanical complexity of
traditional control valves often necessitates regular maintenance to address wear and tear. The SMA-operated valve, with its
simplified design and fewer moving parts, reduces the frequency and complexity of maintenance activities. The inherent
corrosion resistance of Nitinol further minimizes maintenance needs, increasing the device's operational lifespan (Disawal et
al., 2018). The precision of the SMA-operated valve was superior to that of traditional valves because of the predictable and
repeatable nature of the SMA actuation mechanism. The reduced hysteresis and consistent performance of the SMA sheet
allowed accurate control over the fluid flow direction, improving process efficiency and reducing the likelihood of errors. The
reliability of the SMA-operated valve was enhanced by the durable properties of Nitinol and the reduction in mechanical
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components prone to failure. Traditional valves, with their complex assemblies, are more susceptible to mechanical failure and
require more frequent repairs. The SMA-operated valve design focused on robustness and longevity, ensuring reliable
performance over extended periods.

5. Conclusion

This research introduces a novel SMA-operated directional control valve that addresses the limitations of traditional
control systems. The device offers precise, reliable, and energy-efficient control over fluid flow, with a compact design suitable
for various industrial applications. The oneway training process of the SMA sheet ensures consistent and repeatable actuation,
whereas the selective heating approach optimizes energy usage. The simplified design reduces the maintenance requirements
and enhances the overall reliability and lifespan of the device. Future work will focus on optimizing the training process of the
SMA sheet and exploring additional applications of this technology. Potential areas for further research include the integration
of SMA-operated valves in complex fluid control systems and the development of advanced control algorithms to increase the
precision and responsiveness of the device.
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