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Abstract
The challenge of designing real-world robots continues due to the complexities of navigating inaccessible terrains and 
encountering unexpected conditions. Introducing smart materials like shape memory alloys (SMAs) in the robot body can 
be beneficial due to their shape memory effect for actuation; however, there is no systematic way to introduce SMAs in 
a robot design. This research aims to address these challenges by proposing a design framework for SMA-actuated smart 
structures in robotic applications. Drawing inspiration from nature, the initial step in this framework involves conceptualizing 
a multifunctional grasper. This grasper utilizes SMA springs actuated by electric current, enabling various movements such 
as crawling, grasping, and folding. Analytical modeling is employed to determine the necessary characteristics of the SMA 
springs for one segment of the grasper. A multi-body modeling approach is utilized for more comprehensive understanding of 
the robot performance. This approach verifies the results of the analytical modeling and allows for performance optimization. 
Grasper’s dynamics is enhanced by fine-tuning actuation input signals, resulting in a more precise, sustainable, and energy-
efficient grasper that is capable of traveling 400% longer distance than the initial concept design. The conducted experiments 
confirm that the proposed design framework for mechanically intelligent grasper has the potential to streamline the SMA-
actuated structure design process by reducing development time, minimizing the trial-and-error iterations, and yielding cost 
savings in both development and prototyping phases.

Keywords  Multifunctional structure · Design framework · Bio-inspired · SMA materials · Optimization

1  Introduction

Flexible robots have emerged as versatile and adaptive sys-
tems to various environments with the potential to execute 
wide range of real-world tasks. Demonstration of various 
remarkable capabilities in flexible robots has been shown 
as jumping [1], crawling [2], adaptable grasping [3], fly-
ing [4], and self-morphing and growing [5]. Multifunctional 

design aims to combine various locomotion modes to cre-
ate robots capable of performing multiple tasks or functions 
effectively, using the same design. The goal of incorporating 
multifunctionality in locomotion is to create more versa-
tile and resource-efficient systems that can handle a wider 
range of tasks or movements without the need for special-
ized devices for each function. This approach is particularly 
valuable in the field of flexible robotics, where optimizing 
movement capabilities and adaptability are crucial for practi-
cal real-world applications.

Multifunctional design can draw inspiration from nature 
to incorporate diverse and efficient features into a single, uni-
fied system. Inspired by animals with modular structures and 
repetitive movements across their bodies, researchers have 
explored multi-locomotion systems of bio-inspired robot-
ics [6]. Analysis of multi-locomotion in bio-inspired struc-
tures has been conducted in various environments, including 
air, water and ground [7]. For instance, the development 
of a bio-inspired multilegged soft millirobot functioning in 
both dry and wet conditions has demonstrated exceptional 
locomotion and deformability, heavy carrying capability, 

Technical Editor: Marcelo A. Savi.

 *	 Jovana Jovanova 
	 J.Jovanova@tudelft.nl

	 Vasko Changoski 
	 vasko.changoski@mf.edu.mk

	 Simona Domazetovska Markovska 
	 simona.domazetovska@mf.edu.mk

1	 Faculty of Mechanical Engineering, Ss. Cyril and Methodius 
University in Skopje, Skopje, Republic of North Macedonia

2	 Faculty of Mechanical, Maritime and Materials Engineering, 
Delft University of Technology, Delft, The Netherlands

http://crossmark.crossref.org/dialog/?doi=10.1007/s40430-025-05627-5&domain=pdf
http://orcid.org/0000-0001-6148-9389
http://orcid.org/0000-0001-8826-119X
http://orcid.org/0000-0001-8347-6386


	 Journal of the Brazilian Society of Mechanical Sciences and Engineering          (2025) 47:321   321   Page 2 of 22

efficient locomotion, over-obstacle ability, and high adapt-
ability [8]. The integration of multiple tapered feet with soft 
materials has proven to be general and powerful strategy 
for soft robot development, with potential applications in 
untethered manipulation, movable laminated sensing, as 
well as in vivo medical transportation. Another example of 
bio-inspired robotics is an eight-arm soft robot inspired by 
the octopus, which can walk in water using similar strategy 
by exhibiting good performance over various surfaces and 
grasping objects of different sizes and shapes due to its soft 
arm materials and conical shape [9].

To further enhance the bio-inspired multifunctional 
movement design, researchers have explored novel 
technologies, such as smart materials [10]. The use of 
shape memory alloy (SMA) as an unconventional actuation 
method allows for transforming non-mechanical energy into 
mechanical work to establish various motions, enabling 
flexibility and multi-locomotion [11]. Integrating different 
compositions of smart materials in a single monolithic 
structure during fabrication provides tailored compliant 
mechanism designs with beneficial behavior [12]. Smart 
material actuation has been applied to create multi-
locomotion robots capable of performing several movements 
[13].

In addition to smart materials, additive manufacturing 
(AM) has revolutionized the rapid fabrication of customized 
components, offering sophisticated and state-of-the-art 
technologies and materials for robot manufacturing [14]. 
With the emergence of 3D printing, the produced materials 
are also being considered and engineered for specific 
applications. With the employment of AM, different 
shapes enabling effectiveness could be designed. The AM 
technologies are focused both on creating objects and 
enhancing their properties (e.g., strength, versatility, and 
deformability) [15]. With 3D printing, researchers have been 
able to design printed materials with shapes that enhance 
effectiveness, leading to unique structures like self-folding 
and shape-changing graspers [16] and soft underwater 
grippers [17].

Flexible robotics spans over wide range of applications, 
from strawberries harvesting [18], autonomous legged robot 
for extreme environments exploration [19], and exploration 
in subterranean environments [20]. In addition, the modular 
robots have the advantage showing cost-effectiveness 
through homogeneous design for mass production and 
simplified maintenance, increased adaptability to diverse 
tasks and environments, and sensitive robustness with 
selective replacement of damaged units [21]. The current 
modular robots achieve basic configurations and tasks, 
imposing advanced development for high performance [22]. 
The researchers in [23] merged small soft robots and the 
demand for safe human-sized robots by introducing a novel 
soft robotic module and presenting various configurations 

of human-scale robots built upon this module. The novel 
technologies including deep reinforcement learning [24] 
and automated synthesis [25] are used for control of these 
robots. SMA springs represent key components for actuators 
that can operate automatically by temperature change [26]. 
Their usage can be expanded in different research fields such 
as systems that can withstand severe earthquakes [27] and 
vibration reduction systems [28].

Multi-body dynamics analysis has been used to replace 
the traditional springs in drum washing machine [29] and 
rubber-based damper in commercial vehicle cab [30]. On 
the other hand, numerical modeling and simulations have 
been used to describe the behavior of self-centering energy 
dissipative brace equipped with SMA materials [31] and soft 
SMA planar actuator [32]. PID controllers have been applied 
for a design of 2 DOF shape memory alloy actuator using 
SMA springs [33] and SMA combined finger [34].

In previous work [35], an All Terrain Grasper Transport 
(AT-GT) was developed, a continuous track vehicle designed 
for rough terrain, featuring an SMA suspension capable of 
returning to its original shape after deformation. This study 
focuses on bio-inspired robotic grasper with the potential 
to be integrated with the AT-GT. Also, the goal of this 
paper is to utilize the analytical and multi-body modeling 
advantages with experimental research. Analytical models 
are developed for three functions of the grasper, such as 
grasping, crawling and folding. Based on the analytical 
models for one segment of the grasper and obtained desired 
SMA characteristics, multi-body modeling followed by an 
optimization of an entire smart structure was applied. The 
optimization performed in ADAMS resulted in a more than 
fourfold increase in the grasper’s travel distance per iteration. 
Initially covering 25 mm, the grasper’s travel range extended 
to 118 mm. To confirm the design framework concept, a 
3D-printed grasper was created and tested. The 3D-printed 
grasper is actuated by conducting electrical current to the 
SMA springs by power supply of 80 W. The conducted 
experiments confirm the data from the crawling movement 
of the optimized multi-body grasper with acceptable 
deviation in the results. Therefore, we can confirm that the 
design framework could lead to improvement in the design 
process of mechanically intelligent bio-inspired structures. 
The novelty is in the systematic design approach, utilizing 
the advantages of analytical and multi-body modeling 
for SMA springs as actuators. The design framework can 
support designers, engineers and roboticists in the mission 
to design more agile, sustainable and efficient robots.
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2 � Shape memory actuation in robotic 
structures

The use of analytical and multi-body modeling can drasti-
cally reduce the time spent on prototyping and trial-and-
error testing. As a result, the overall design process becomes 
more efficient, enabling the creation of enhanced grippers 
with fewer iterations. Figure 1 shows the proposed model-
based design framework for SMA-actuated mechanically 
intelligent structures.

The design process of the grasper begins with 
conceptualizing its form and the number of unit cells 
which is followed by analytical modeling. This analytical 
phase evaluates the feasibility of achieving the desired 
multi-locomotion movements based on the proposed 
design. Additionally, it identifies potential resistance 
forces that might arise during multi-locomotion. Next, 
the characteristics of the actuators’ springs are defined 
and integrated into the multi-body modeling. This step 
aims to assess whether the actuator forces are sufficient to 
overcome resistance forces and to optimize their activation 
interval. To enhance the grasper’s performance and energy 
efficiency, the timing of the actuators is optimized, resulting 
in improved movement and velocity while reducing energy 
consumption during activation. This comprehensive process 
aids in determining the optimal characteristics of the springs 
to be incorporated into the grasper, thereby identifying the 
most suitable design and optimizing the overall model for 
enhanced effectiveness. Once the final design is established, 
it undergoes testing, and all pertinent data are sent back to 
the multi-body modeling and design concept for review and 
further system optimization. This iterative approach ensures 
a thoroughly refined and efficient grasper design.

To further improve exploration activities and overcome 
difficulties in real-world conditions, the idea is to make a 

transporter adaptable to any terrain using SMA materials 
(Ni–Ti springs) and allow for fast traveling.

The SMA springs were chosen because of their shape 
memory effect, unique characteristic to deform, sustain 
the deformed state, and return in their original form 
after temperature change exposure. The transit occurs by 
changing their crystal structure from martensite to austenite 
and vice versa. When heated up, the SMA springs start 
to change from martensitic phase to austenitic phase at a 
predefined temperature As , and the process is completed at 
temperature Af  . In this research, this phenomenon is used 
as an actuator force generated by the SMA springs. For the 
springs that are used in this research paper the transition 
temperature is Af = 65◦C. When cooling down the Ni–Ti 
springs start to return to their original martensite state at 
a temperature Ms lower than As and finish the transition at 
temperature Mf  . Because the forward phase transformation 
is endothermic process while the reverse transformation 
is exothermic process, an energy unbalance occurs. This 
dissipative phenomenon is known as hysteresis. This leads to 
different response characteristics of the material and usually 
is presented and visualized in stress–strain-temperature 
diagram [36].

The SMA materials are best known for their characteristic 
to remember their original shape. At lower temperatures, the 
SMA materials are in their martensite state and their crystal 
structure is referred as twinned martensite. When mechanical 
loading with small intensity is applied, the strain remains in 
its elastic area. For an example if the SMA material is used 
for SMA springs, then the springs behave as conventional 
elastic springs. If the mechanical load is increased up to a 
point when the stress is high enough to cause inelastic strain, 
a martensite reorientation occurs and the crystal structure 
is reoriented in detwinned martensite variant. This results 
in change of the original characteristics of the material, 
or in this case the SMA spring would be deformed. Upon 
heating, they transition from detwinned martensite state to 

Fig. 1   Flowchart of model-based design framework for SMA-actuated smart structures in grasping robot applications
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cubic austenite crystal structure. When the Af  temperature 
is reached, the SMA spring returns in its original shape. It 
must be pointed out that the strain caused by the martensite 
reorientation will be fully recovered when the temperature 
is near or higher than Af  . When the SMA spring starts the 
cooling process, then the crystal structure reorientates into 
the original twinned martensite. This process is known as 
shape memory effect, and the strain returns to the elastic 
area [36, 37]. This is easily achieved in the first loading 
cycles of SMA springs; however, later due to the material 
fatigue, certain strain becomes non-recoverable.

Beside the SMA spring performances, an analysis of the 
environment conditions should be considered, especially if 
there is extreme temperature variation. The SMA springs 
create an actuation force because of heat generated by the 
Joule effect when electrical current is conducted through 
them, while the cooling process may be natural or forced. 
The heating can be caused by resistance heating due to 
the electrical current. If the grasper is used for space or 
maritime application, extremely low temperatures would 
make the heating process of the springs slower. Therefore, 
the actuators must be implemented on the grasper in a closed 
environment with proper insulation. In this case, the lower 
temperature would be beneficial for the cooling phase. 
Another scenario is where the grasper would be affected by 
high environmental temperatures (e.g., desert operation). In 
this case, the transient temperature of the SMA springs may 
be reached without electrical current and the springs would 
be activated. For this type of application, SMA springs with 
higher transient temperature must be chosen. Therefore, 
the design framework must take into consideration the 
environmental impact and also grasp application and 
purpose.

Other design aspects that should be taken into 
consideration are corrosion and fatigue among the actuators. 
SMA materials show superior corrosion resistance [38] 
and super-long fatigue life [39] over stainless steel. The 
corrosion resistance of SMA materials gains large interest 
among biomedical researchers. These characteristics 
allow the SMA materials to be used in medical implants 
and invasive surgical instruments [40] and in dental 
application, but some authors have concern about toxic 
release of the NiTi material when they come in contact 
with physiological media [41, 42]. Authors in [43] present 
the effects of corrosion as comparison between steel 
springs and SMA spring implemented in dampers where 
the SMA dampers show reduced sensitivity to corrosion 
where no overstrength is needed. Researchers also suggest 
that oxide film is beneficial for the SMAs and prevent 
corrosion when exposed to increased heat. The authors also 
suggest that further studies must be conducted to explore 
the influence of oxide films on the fatigue properties [44]. 
Also, improving the fatigue resistance of NiTi may often 

compromise other mechanical and functional properties [45, 
46]. Improved fatigue characteristics could be achieved in 
a hybrid heterogeneous nanostructure is applied to SMA 
materials [47]. Researchers in [48] have created a model for 
estimating the fatigue lifetime. The experimental data had 
shown that strain rate and mean displacement affect fatigue 
lifetime. In this research by conducting electricity through 
the SMA spring they heat up and if the power supply is not 
deactivated, the temperature may increase dramatically and 
damage the functionality of the SMA springs. Authors in 
[49] suggest that the fatigue life of the superelastic materials 
decreases as the actuation temperature increases. Therefore, 
an often activation of the SMA springs will definitely lead to 
functional fatigue overtime. Some of these phenomena were 
observed in previous research, where after many loading 
cycles the SMA spring do not return in their original form, 
rather they show small plastic deformation.

Transformation-induced plasticity (TRIP) plays a crucial 
role in the fatigue behavior of NiTi shape memory alloys, 
particularly under cyclic loading, where dislocation slips 
accumulate and contribute to the process of cracking [50]. 
Accurately modeling TRIP is essential for predicting the 
low-cycle fatigue of NiTi alloys, especially in applications 
where the two-way shape memory effect (TWSME) and 
large deformations are considered [51]. The TRIP effect 
is considered while modeling the bridging effects of fibers 
on crack edges in composite structures with SMA wires, as 
it significantly influences the boundary between structural 
continuity and rupture [52].

However, in this work, the focus is not on the material 
properties, but using the SMAs springs as building blocks 
into a mechanically intelligent structure for completing a 
grasper and locomotion task. Several graspers are envisioned 
to be implemented on top of the transporter. Their multi-
locomotion capability for folding would allow space saving 
during transportation, while crawling and grasping would 
allow the grasper to leave the vehicle, pass through hardly 
accessible terrain, grab a certain specimen and return it to 
the transporter for further exploration. Figure 2a and b shows 
a CAD model of the vehicle, consisting of the transporter 
and the dimensions of the transporter, where the two end-
ing positions are shown. Based on the analysis, a prototype 
of the system has been developed in order to investigate 
the performance of the structure. Also, it is important to 
point out that the grasper shown in Fig. 3 represents a case 
study where the grasper is designed to lift a small flexible 
object (ball) with relatively small mass. Therefore, detailed 
analysis must be made in the design stage where the applica-
tion and the demands should be clearly presented, such as 
the maximum desired payload capability and object shape 
and size, and if the target objects are made from stiff or 
soft material. If the objects are fragile and easily deformed, 
continuous force distribution must be carefully considered. 
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The presented transporter and graspers represent a concept 
solution with the previously defined dimensions [35].

To enable the mobile grasper to autonomously 
undock from and dock with the vehicle, various docking 
mechanisms can be employed for modular robots [53]. One 
common approach involves the use of magnetic connectors 

[54], where magnets on the grasper and the vehicle 
facilitate a secure connection. Alternatively, mechanical 
connectors [55] such as latches or hooks can be designed 
for a robust physical connection. These mechanisms often 
offer a sturdy linkage, but may demand careful engineering 
to account for alignment and potential wear. Moreover, 

Fig. 2   CAD models of a transporter vehicle with several graspers and b transporter vehicle dimensions

Fig. 3   Prototype model a of the 
transporter vehicle and b the 
robotic grasper lifting an object
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electrical connectors can utilize current as a control 
signal, enabling the grasper to establish a connection 
with the vehicle through an electronic interface. The 
mobile grasper’s docking mechanism can leverage a novel 
connector for hybrid chain-lattice type modular robots, 
featuring an array of electro-permanent magnets embedded 
in a planar face for precise control over the connection 
process [56]. Each type of docking mechanism presents 
its own set of advantages and challenges, and the choice 
depends on factors such as the application requirements, 
environmental conditions, and desired autonomy level for 
the mobile grasper.

The development of an additional variant of the 
transporter necessitates adjustments to both the grasper’s 
dimensions and the SMA springs. This becomes particularly 
crucial when designing a scaled transporter, as scaling up 
or down the transporter requires accommodating graspers 
of varying sizes. This enhances flexibility during research 
activities, enabling exploration of confined spaces or 
transportation of larger objects. In instances where the 
target specimen is larger than a single grasper can handle, 
coordination among several graspers becomes essential for 
lifting the object effectively.

3 � Conceptual design of multifunctional 
structure

Based on the idea of creating bio-inspired multifunctional 
structure, a single hexagonal cell unit is proposed as shown 
in Fig. 4a. The form was chosen due to its simplicity and the 
possibility of attaching several cell units in different direc-
tions. Different forms may be applied and studied depend-
ing on the application. The dimensions of one unit cell 

and the segment (Fig. 4b) formed from three-unit cells are 
adapted based on different demands and real-life application 
conditions.

Besides the dimensions of hexagonal cell unit the form 
of the edges should also be taken into consideration. This 
was concluded during the experiment phase where the 
sharp edges of the cell unit provided better gripping of the 
grasper, but if the ground surface is soft, then the edges may 
stick in it. Therefore, different shapes of the edges may be 
introduced. Rounding of the edges reduces the possibility 
of the grasper getting stuck, but increasing the radius 
also reduces the friction with the terrain and the crawling 
functionality. Additionally, engineering the surface of the 
unit cell should be considered to enhance contact quality. 
Starting from the unit cell, several bio-inspired design 
concepts of the proposed multi-functional structure whose 
idea is to be used as a grasper were analyzed, as shown in 
Table 1, leading to choosing the most suitable design that 
has the capability of passing through a rough terrain and 
obstacles, as it crawls to the desired object, grasps it and 
crawls back to a transporter or base station. The concept 
designs are inspired by a caterpillar, scorpion and mantis, 
and all the models allow the following multi-locomotion 
movements: crawling, grasping, and folding.

Animals’ movement, especially arthropods like caterpil-
lars and scorpions, whose body parts are modular and can 
be considered as individual segments, represent inspiration 
for robot’s structure. Table 1 shows several design concepts 
of the grasper. The idea during the decision-making pro-
cess for a concept that would possess the best features was 
to implement at least as possible number of cells. Adding 
one unit cell would imply the addition of an extra Ni–Ti 
spring. Between the two-unit cells, the SMA springs are 
positioned, whose actuation can lead to a movement of the 

Fig. 4   a Form and dimensions of one unit cell b One segment is formed from three-unit cells (D = 25 mm)
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grasper. Therefore, the focus of choosing the final version 
is on achieving several multi-locomotion movements with 
optimized mass, number of cells and lowest possible energy 
consumption. As connection between two cells smaller 
hinges are applied with the same material characteristics 
as the cells.

The inspiration for the first design comes from the 
caterpillar, consisting of 7 unit cells that require a minimum 
of 6 Ni–Ti springs to operate. It is the simplest model with 
the smallest number of required Ni–Ti springs, leading to the 
lowest energy consumption. On the other hand, this concept 
has a few disadvantages such as the incapability of grasping 
larger objects. To be able to mimic the crawling process in 
different directions and achieve the turning process, more 
SMA springs have to be implemented. The second design 
is created using 8-unit cells that require a minimum of 7 
Ni–Ti springs. Unlike the first version, this concept allows 
better maneuverability as it forms two segments that can 
help in performing multifunctionality. This is achieved by 
adding only one unit cell and one SMA spring. The 3rd 
version inspired by mantis is created using 15-unit cells and 
14 SMA springs. This model allows the best adaptation for 
any terrain, capability of grasping large objects, but the large 
number of segments and springs requires more complex 
control algorithm, precise actuation timing and twice as 
more energy than the second version.

Considering both the benefits and drawbacks of the sug-
gested designs, the second design has the best performances 
for the application. The design of grasper has a scorpion 
tail-like construction that provides modularity by indepen-
dently actuating the modules. Compared to the other two 
designs, the chosen design is based on an increased multi-
locomotion movement of the grasper compared to the first 
design and smaller number of SMA springs compared to 
the third design. Although this design requires more energy 

to activate the SMA springs, the position of the segments 
allow the grasper to grab larger objects and to return them 
to the vehicle. The two segments help the grasper easier to 
navigate through rough terrain without increasing the num-
ber of SMA springs.

Figure 5 shows several positions of the chosen design of 
the robotic grasper. The use of bio-inspired structure with 
integrated SMA springs was used for the development of 
the grasper. By creating a large-scale deformable body, 
the grasper could resist unpredicted impacts and reach 
hard accessible terrains. The actuation of the system is 
achieved by using SMA springs, which are put through 
the body on specific spots. The goal in this paper is to ana-
lyze the graspers movements, the needed actuation force 
of the springs in order to choose suitable springs and to 
optimize the movement trajectory of the grasper and to 
reduce energy consumption and to achieve faster travel.

The number of cell units for each design is derived 
for several reasons. To accomplish each movement 
(grasping, folding, and crawling) a minimum of three 
unit cells (one segment) is necessary. Therefore, in order 
to combine two movements simultaneously at least two 
segments need to be merged. For example, if the grasper 
is crawling to an object to retrieve it, part of robot must 
be used for grasping and the other part for crawling. If 
we analyze the caterpillar design, one segment could be 
used for grasping and the other segment for crawling. The 
added “extra” unit cell between these segments is to avoid 
disturbance between the movements. On the other hand, 
the same idea is applied in the scorpion design, where one 
segment is used for crawling, while two “hands” are used 
for improved grasping. These two “hands” represent two 
individual segments that use one shared unit cell. This unit 
cell is also used as an intercell, like the added unit cell in 
the caterpillar design. To utilize the previous ideas, the 

Table 1   Concept design of the 
robotic grasper

1st design 2nd design 3rd design
Caterpillar Scorpion Mantis

Inspiration

CAD model

Number of unit cells 7 8 15
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mantis design is created by joining two scorpion designs, 
in which the central unit cell is shared and belongs to two 
segments responsible for crawling.

Hence, the overarching concept involves delineating 
a specific number of segments capable of executing 
simultaneous multi-locomotion movements. These segments 
can either share a common unit cell, and if required, an 
additional unit cell may be introduced to prevent direct 
interference between the movements. Furthermore, various 
designs of unit cells can be examined, with the suggested 
hexagonal configuration appearing most fitting for enabling 
symmetric segment attachment in different directions.

The design tree can be expanded by adding additional 
segments to different points of the grasper and would 
certainly make the grasper more adaptable. However, 
the goal is to demonstrate the feasibility of achieving 
diverse movements with a minimal number of segments. 
This approach aims to significantly decrease the energy 
required for actuating the grasper, emphasizing efficiency 
in the overall functionality of the system. If necessary, the 
proposed design can be scaled up or downsized in order to 
satisfy different needs or applications.

The main objective of the grasper is retrieving different 
objects and if the grasper presented in this research paper 
is consider as a basis. Scaling up the grasper could result in 
the possibility of retrieving larger specimen which would 
increase grasper flexibility. Larger graspers are capable of 
embedding more SMA springs, but also MEMS sensors. 

MEMS sensors such as accelerometer or thermal sensors 
would improve the precision movement of the grasper and 
support control of the actuators. MEMS thermal sensors 
could also be used to protect the SMA springs from 
overheating. Smaller grasper would require a smaller SMA 
spring that generates smaller forces which would not be able 
to lift heavy object. But if the design concept and application 
require downsizing of the grasper, the design framework can 
take that into consideration. Small MEMS SMA structures 
are used in biomedical applications [57], intraocular lenses 
[58] or tactile display [59]. Researchers in [60] suggest the 
usage of SMA materials in micro-grippers for micro-level 
object manipulation. From previous mentioned applications, 
on micro-level and in MEMS structures, the proposed 
design framework is most suitable for design and creation 
of MEMS-based micro-graspers/grippers. The application 
purposes are similar to those presented in this paper, and 
more detailed observations and analysis will be made in 
future work.

The grasper is intended to be a freestanding structure 
while completing a certain task. The attachment only occurs 
during transport where one or more graspers would be 
attached to the transporter vehicle. The grasper is attached 
to the transporter by the central cell unit, and it is in folded 
position to increase the transport capacity of the vehicle.

Furthermore, the design of the hinges influences the 
grasper characteristics. The stiffness of the hinges can be 
modulated for each grasper by changing their parameters 

Fig. 5   Several positions of the scorpion-inspired robotic grasper: a Grasping position and b Crawling position
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such as form, thickness, and length. In case when a one-
way SMA spring is used then the stiffness of the hinges 
is responsible for returning the grasper into the original 
position due to elastic energy stored. The moment generated 
by the hinge stiffness should be able to overcome the 
SMA spring force at Mf  temperature. That means that the 
stiffness of the hinges would depend on the grasper purpose, 
dimensions and the SMA actuator forces that would be 
applied.

In this research, double loop end springs were used where 
the attachment of SMA springs to the cell unit is conducted 
using small pins. The holes of the cell unit were used in 
order to make the connection between the pins and the 
springs possible. For larger graspers, shafts or bolts can also 
be used. Either way the connections must be detachable in 
order to replace or remove the springs in case of service or 
repair. Also, the position of the SMA spring would directly 
influence the intensity of the actuator force and moment as 
presented in the analytical modeling section.

4 � Analytical modeling of the movements 
(grasping, crawling, folding)

To illustrate the segmented approach of the multifunctional 
grasper, a single segment was modeled while demonstrating 
its multi-functionality. Analytical modeling is employed to 
initially determine the optimal number and dimensions of 
unit cells, as well as the characteristics of SMA springs, 

based on the specific application requirements. Therefore, 
analytical modeling as part of the design framework is 
responsible for determining the actuator forces of the 
SMA springs needed. From here, based on the results of 
the analytical modeling, the SMA springs characteristics 
and composition can be determined and produced. Another 
aspect that should be taken into consideration is the ambient 
temperature of the explored terrain and the transient 
temperature of the SMA springs. Therefore, by combining 
the results of the design framework and the demands about 
grasper’s application, appropriate SMA springs can be 
ordered and produced if the commercially available SMA 
springs cannot offer the desired characteristics. This study 
used commercial available SMA springs.

In the following simulations, the desired movements of 
the grasper have been used as input signals, while as an 
output data the necessary spring forces were obtained. These 
data are used to determine the desired SMA characteristics 
and to implement them in the multi-body analysis.

The movements such as crawling, grasping and folding 
are shown below. Crawling is a movement that lets the 
grasper get to the desired location, and while changing 
the angle of the grasper’s cells, other movements such as 
folding and grasping can be established. These movements 
lead to multifunctionality of the grasper, allowing successful 
operating in extreme environments without human 
intervention. Based on the work in [61], a general modeling 
approach for tree-like kinematic structures can be used, 
because of the significant potential as modular robots offer 

Fig. 6   a Modular kinematic structure shown through a single unit cell b Kinematic tree structure of three unit cells
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an extensive design space, making it impractical to create a 
model for each design individually.

Figure 6a illustrates a modular kinematic structure resem-
bling a tree, shown through a single cell. Each segment 
allows for the placement of six individual hinges in vari-
ous directions based on the grasper’s design and the number 
of cells. The unit cell shown in Fig. 5b connects with two 
other cells using the front and rear hinges. To establish a 
kinematic model, the relationships, and influences between 
two cells are showcased through a kinematic modular graph. 
The relationship between unit cells is directly dependent on 
the angle between these two cells, denoted as �i+1 and �i−1 . 
Conversely, in this scenario, the other relations (indicated by 
red and blue arrows) symbolize potential attachment points 
and correlations between other cells that can be attached to 
the central one.

The angle between these two cells is defined by actuator 
forces generated by the SMA springs and the resistance 
forces of the material represented by the torsional stiffness 
coefficient ct and torsional damping coefficient kt of the 
material.

4.1 � Analytical modeling–crawling

Schematic representation of grasper locomotion configu-
ration and free-body diagram for crawling mode is shown 
in Fig. 7. A single segment consisting of three-unit cells 
is analyzed, same as the presented one in Fig. 4. Segment 
locomotion configuration presents the proposed positioning 
of the SMA springs and positioning of the unit cells during 
the crawling process. In order to conduct analytical modeling 
the segment locomotion configuration is replaced with free 
body diagram where the hinges’ influence is replaced with 
stiffness and damping coefficients of the hinges’ material 

and the interaction between the unit cells and the segment 
with the ground is replaced by the expected forces. 

Equations  (1–4) describe the plane movement of the 
segment. This model has 3 DOF, two translations (x and 
y) and one rotation �i . By defining the desired movement 
of the entire model and its mass and using this segmented 
approach, the initial necessary values for the stiffness and 
damping coefficient can be defined. The actuators forces 
should be able to overcome the mass of the grasper and 
the resistance forces in the hinges between the segments. 
These hinges are represented by the torsional stiffness ct and 
damping kt coefficient of the material. In this paper, SMA 
springs are chosen to be used as actuators. The equations 
when modeling this type of movement are shown below:

where Iz is the material moment of inertia of the segment, 
Fi−1 and Fi+1 represent SMA spring forces, F�(i) represents 
the friction force between the unit cell and the ground, ct is 
the torsional stiffness coefficient of the material, and kt is the 
torsional damping coefficient of the material.

Analytical modeling is used to determine the necessary 
characteristics of the SMA springs in order to achieve 
desired motion. Thus, the rotation �i and translations in the 
x- and y-directions of one or more segments serve as system 
inputs. By analyzing the outputs (the forces necessary to 

(1)

Iz𝜑̈i = − ctΔ𝜑i−1 − kt
̇Δ𝜑i−1 − ctΔ𝜑i+1 − kt

̇Δ𝜑i+1 − mg
(

l

2
cos𝜑i −

a

2
sin𝜑i

)

+ Fi−1cos𝛾i−1a + Fi−1sin𝛾i−1b − Fi+1cos𝛾i+1a + Fi+1sin𝛾i+1(l − b)

(2)
mẍi = Fi−1cos

(

Δ𝛾1
)

− F𝜇(i) − F𝜇(i−1) − F𝜇(i+1) − Fi+1cos
(

Δ𝛾2
)

(3)mÿi = Fi−1sin
(

Δ𝛾1
)

+ Fi+1sin
(

Δ𝛾2
)

− mg

(4)Δ�1 = �i−1 − �i,Δ�2 = �i+1 + �i

Fig. 7   Segmented approach for analytical analysis of the crawling movement (left: one segment configuration, right: free body diagram of one 
segment)
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achieve the desired motion) an initial indication can be 
obtained about the SMA springs characteristics.

The proposed analytical model takes in consideration 
the state of the SMA springs whether they are activated or 
not. While conducting electricity through them, the stiffness 
coefficient is changing, and they generate different actuator 
force. Analyzing the results from the analytical modeling 
reveals the following conclusion: When the required actuator 
force is minimal, it indicates that the SMA springs should 
remain inactive. On the contrary, as the required actuator 
force increases, activation of the SMA springs becomes 

necessary. However, it is important to note that the linear 
characteristics of the hinges, as expressed by their stiffness 
and damping coefficients, pose a limitation to the analytical 
model. To address this limitation in future research, a 
nonlinear characterization of the hinges’ bending will be 
incorporated, as they represent the primary resistive forces.

Figure 8 presents a case study showing the desired move-
ment of the middle cell, which serves as input. Inspired 
by the caterpillar’s motion, each unit executes a sinusoi-
dal movement. The model outputs the minimum required 
spring forces. This dataset serves as a reference for choosing 

Fig. 8   a Input signals to the crawling analytical model and b obtained needed force intensity from the model for SMA actuation needed for 
crawling

Fig. 9   a 3D model of grasper with focus on one hand b segmented approach for analytical analysis of grasping and folding movement
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SMA springs with specified characteristics tailored to meet 
the application requirements. In this scenario, the unit cell 
dimension (D) is 25 mm with a thickness of 2.5 mm. The 
results in Fig. 8 are obtained using the analytical model 
defined by Eqs. (1–4).

4.2 � Analytical modeling–grasping and folding

Figure 9 represents the simplified model of one of the pair 
segments for grasping and folding. The central unit cell 
(shown with yellow color) is used as common unit cell for 
both segments that create the “hands” of the grasper. On 
the free body diagram, the central unit cell is considered to 
be fixed.

Just like the analytical model employed for crawling 
movement, the grasping mechanism utilizes a single 
segment for determining the motion. After defining the 
previous described stiffness coefficient and damping 
coefficient of the hinges, the resistance forces ( F2o,F3o ) and 
SMA actuator forces ( F2,F3 ) needed to make the grasping 
movement and to hold the object are added to the model. 
These forces represent the influence that the grabbed object’s 
has on the grasper. The forces intensity depends on the lifted 
object’s mass, shape and stiffness. In order for the grasper 
to successfully grasps an object, the SMA actuator forces 
( F2,F3 ) must overcome the grabbed object’s resistance 
forces, ( F2o,F3o ) restitution forces of the hinges and unit 
cells weight ( G2,G3).

On the other hand, if we define the desired movement, 
then we can determine the desired grabbing force. According 
to Fig. 9, Eqs. (5–8) show the mathematical modeling of 
these movements:

(5)
∑

Fx =
(

F2i

)

sin� + (F3i)sin(� + �) = 0

Unlike the previous models, where different variable 
inputs must be made and they are defined by the current 
situation, the folding of the grasper is much simpler. The 
only resistances that should be overcome are the resisting 
forces of the material and the mass of the grasper. The 
analytical modeling of the grasper is presented with the 
previous equations where F2o = 0,F3o = 0 , but the choice 
for suitable SMA springs should be made considering the 
previous movements where the values of the resistance 
forces and the needed actuator forces are higher. If those 
movements are reached, it implies that those forces would be 
enough to achieve the folding too and only the final position 
of the segments and actuator timing should be defined, 
depending on the number of segments of the grasper.

Using Eqs. (5–8), another case study of the folding pro-
cess is presented in Fig. 10 where the trajectories of the 
grasper’s hands are shown. The characteristics and the 
dimensions of the grasper are the same as in the previous 
case study. By defining the desired final position of the seg-
ments and time needed to achieve that (in this case 3 s), the 
minimum needed SMA springs’ forces are presented. It is 
interesting to observe that the value for the force F3 starts 
from positive value equal to the unit cell weight and then 
switches sign. This can be explained by the fact that the unit 
on which the force is applied overlaps more than 90°. This 
does not mean that the springs expands, but on the contrary, 

(6)
∑

Fy = (F2i)cos� − G2 + (F3i)cos(� + �) − G3 = 0

(7)

∑

M
A
=
[

F2icos� − G2

]

⋅

(

l1

2
+ (h +

l2

2
)cos�

)

+ [F3icos(� + �) − G3]

⋅

(

l1

2
+
(

h+l2
)

cos� +

(

h +
l3

2

)

cos(� + �)

)

+ F2i

(

h +
l2

2

)

sin
2(�) +

(

F3i

)

sin(� + �)

(

(

h+l2
)

sin� +

(

h +
l3

2

)

sin(� + �)

)

= 0

(8)F2i = F2 − Fin2 − F2o, F3i = F3 − Fin3 − F3o

Fig. 10   a Input signals to the grasping/folding analytical model and b obtained needed force intensity from the model for SMA actuation needed 
for folding
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the springs remain contracted, with the possibility of gener-
ating the desired force. It must be pointed out that these are 
the necessary minimal forces. If larger force is applied, then 
the grasper would only fold faster.

Once the transient temperature has been reached, the 
actuation is almost instantaneous. On the other hand, that 
means that more than 3 s would be needed for cooling down 
and returning to original shape. Taking this into account, the 
SMA springs would be slower than a hydraulic, pneumatic 
or electric actuator. Adding a cooling system would improve 
the spring performance, but they would be still slower than 
the previous mentioned actuators. The SMA springs were 
chosen as actuators because of their advantage in returning 
to original shape even after extensive deformation and 
regaining their performances.

The goal of the presented analytical modeling is to 
determine the necessary actuator forces thus finding the 
required SMA springs characteristics. In order to make the 
analytical modeling more general for different designs and 
configurations, a more general approach will be introduced 
in future. We plan to develop solutions for determining the 
desired movement and configuration of the grasper with 
the product of exponentials (POE). This method is used for 
modular robots design described in [61]. Assuming the last 
unit cell serves as a basis and the “hands” of the grasper act 
as an end effector, the absolute configuration of the grasper, 
denoted as C(�) , can be defined by:

where �i represents the angle rotation of the hinges, while 

the twist �i ∈ SE(3) is defined as �i =

(

→

�

→

v

)

 for each hinge 

of the grasper. This could be quite useful because it would 
not be feasible to come up with analytical model for every 
design.

Analytical modeling provides the initial values for the 
actuation forces.

5 � Multi‑body modeling and optimization 
of the distributed actuation inputs

In order to explore the system performance, multi-body 
modeling approach was conducted by using the MSC 
Adams VIEW software. The multi-body modeling is the 
next step after the analytical modeling in order to overcome 
the approximations that were made in the analytical mod-
eling and to test the characteristics of the springs by trave-
ling on different types of terrain. Most importantly, multi-
body modeling can be used to optimize the movement of 
the grasper by correcting the input command to the joint in 

(9)C(�) =
∏

i

e�i�i

order to reach the desired location in shorter period of time 
with similar input signals. By doing this a more sustainable 
grasper could be achieved. The model was created by using 
a segmented approach where each segment was connected 
by revolute joint with 1-DOF (Fig. 11). The material used to 
define the characteristics of the segments was PLA6 plastic 
with density of 1200 kg/m3 is the same material that was 
used for the 3D printing of the model in [26]. Crawling was 
employed as the movement model in the multi-body sys-
tem, necessitating the simultaneous activation of actuators. 
To achieve this specific movement, distinct time dynamic 
inputs had to be generated for each actuator, ensuring the 
desired crawling motion is attained. The general idea of the 
modeling was to stimulate the grasper to achieve one full 
movement and to be set in a position, ready to make the next 
step by mimicking the movement of the caterpillar.

The input signals of the actuators were defined as step 
functions, which determines the angle between two seg-
ments. To achieve this angle, the actuators that are imple-
mented in the graspers must be able to achieve this angle 
and at the same time must be able to generate enough force 
to make the movement possible. Next step in the ADAMS 
modeling represents the implementation of springs with 
stiffness same as the Nitinol springs obtained from the 
analytical modeling. The input motion between cell units 
3 and 4 and spring forces of different springs are presented 
in Fig. 12.

These springs represent the actuators and at the same time 
represent the sensors that were implemented into the model 
to measure the necessary force (in this case—spring force) 
needed to generate the desired movement.

The results of the needed forces for several springs are 
represented in Fig. 12. In the cases the characteristics of 
the springs are obtained from testing of real SMA springs. 
Their stiffness coefficient is 153 N/m in heated state, while 
on ambient temperatures is 59.5 N/m. For the simulation, it 
is assumed that the springs are in heated state which would 
allow lower response time for their activation. Also, it is 
important to state that between two unit cells a pair of two 
springs is positioned. For example, between cell units 3 and 
4, spring 5 and spring 6 are positioned. This means that the 
total force needed to lift the two cell units would be the sum 
of the forces spring 5 and 6. Usually, the force in a pair of 
springs is equal so the needed force is double the value of 
one spring force.

The maximum needed force of around 0.4 N corresponds 
with the SMA springs analyzed in [26], confirming that 
these springs can be used as actuators in the proposed model. 
Also, it is important to mention that in order the grasper to 
work properly, two springs capable of generating a force 
of 0.4 N must be applied, or one stiffener spring capable 
of generation at least 0.8 N. This value also corresponds 
with the maximum spring force value obtained from the 
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analytical modeling. The proposed model can be used for 
analyzing different variants of the grasper such as scaled or 
downsized grasper, actuators with different characteristics, 
even different cell shapes which would lead to different 
forms of the grasper. By doing these kinds of modifications 
of the model, many cases can be analyzed. If several 
types are satisfactory, then several of them can be used in 
coordination between themselves and the transporters which 
would result in increased flexibility of the system.

Different external forces that would represent different 
obstacles or object may be implemented in order to test the 
response of the model and their influence. Because the final 
goal of the concept is space exploration or remote locations, 
in order to retrieve some desired specimens many obstacles 
cannot be precisely estimated, and also many unpredicted 
problems may occur during the space operations. Therefore, 
the multi-body modeling approach may help in testing 
these unpredicted forces and obstacles as random external 
disturbances and further optimize the grasper models.

Fig. 11   ADAMS model of the Grasper in several positions: a Loca-
tion and index number of each spring; b Grasper in flat position—
springs are not activated; c Location and index number of each cell 

unit; d Crawling—all springs are activated and stimulated at differ-
ent timing and input signals; e Folding—all springs are activated and 
stimulated at simultaneously

Fig. 12   Measured spring forces 
intensity between two segments 
from the multi-body simulation



Journal of the Brazilian Society of Mechanical Sciences and Engineering          (2025) 47:321 	 Page 15 of 22    321 

In order to improve the velocity of the grasper and 
reduce energy consumption of the actuators, optimization 
was applied. Optimization process was applied using the 
ADAMS’s software by applying generalized reduced 
gradient (GRG) which is an extension of the reduced 

gradient method able to accommodate nonlinear inequality 
constraints [62]. The optimization led to improved activation 
timing of the actuators.

The goal of this research was to optimize the value of the 
angles between the segments in order to achieve maximum 

Fig. 13   Multi-body optimization process: a Distance traveled by the grasper in different optimization iterations and variations; b–d Initial and 
final values of the variables after the optimization process, e comparison between the movements of the initial and optimized model
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travel distance of the robot. In the optimization process, the 
angles were set as variables in wider range as they are impor-
tant to define the output commands of the actuators, while 
the timing of their activation remained the same. As shown 
in Fig. 13a, only a few iterations gave negative results and 
forced the grasper to travel in different direction. The third 
iteration showed the best results. Also, it can be observed 
that the optimized model can cover 4 times more distance 
in only one movement. Figure 13b–d also shows the maxi-
mum value of the angles during each iteration and for each 
variable. The results showed small differences between the 
initial and final values of the variables, showing improved 
results by just having small corrections in actuators input 
signals. Figure 13e shows the comparison between the initial 
grasper movement (bottom) and the optimized one (top). 
Besides the larger trajectory, the position of the graspers in 
each second of the simulation. The top figures represent the 
optimized grasper, while the lower figures show the initial 
movement of the grasper.

The optimization led to great improvement, raising the 
travel distance by more than 400%. This shows that with the 
identical timing of the actuators and by defining the right 
output signal and commands, an optimal movement of the 
grasper can be achieved which would result in faster travel 
velocity and less energy consumption. All of this proves 
that the multi-body is capable of modification based on the 
application and the demands for the grasper, as well as in 
power and actuation modeling and optimization, resulting in 
more sustainable robots.

The optimization allows improved design and grasper 
actuation, which is presented in the results and confirmed 
in the experiments. Our future research will be focused 
more on the optimization algorithms and their influence on 
further improvement of the design framework. Optimization 
could also be done as co-simulation between ADAMS and 
MATLAB/Simulink, thus enhancing the advantages of both 
multi-body and analytical modeling.

6 � Experimental setup and results

In order to test the proposed design framework, several 
experiments were conducted. A 3D-printed grasper model 
was created using PLA6 material, and several SMA springs 
(Ni–Ti) were implemented as actuators. The characteristics 
of the springs are presented in Table 2.

The SMA springs are made from Ni–Ti–Cu alloy and 
can be deformed up to 150 mm in martensite phase, while 
when heated in austenite phase they return to their original 
length of 20 mm. The starting temperature of the austenite 
transformation is As = 50◦ and the process is complete at 
temperature of Af = 65◦ . During the cooling process the 
starting martensite temperature is Ms = 40◦ and is completed 
at temperature Mf = 32◦.

The experiment used an SMA spring connected to a 
12 V power supply, a digital multimeter for temperature 
measurement, and a ruler for length measurement. 
A temperature sensor was attached to the spring. To 
determine austenite transformation temperatures, the 
spring was stretched to 100 mm and then heated. The 
austenite start temperature ( As ) was identified when the 
spring began contracting, generating force but not fully 
returning to its original 20 mm length. The transformation 
completed at Af  when the spring fully retracted, and power 
was then turned off to prevent overheating.

For martensite transformation, the spring was first 
heated to Af  , then force with small intensity was applied. 
In the austenite state, the spring resisted elongation, but 
as cooling began, deformation was first observed at 40 °C 
( Ms ). The transformation concluded at Mf  = 32 °C when 
the spring suddenly gained significant strain.

Stiffness tests showed a coefficient of 153 N/m in the 
heated state and 59.5 N/m in the martensite state. The 
spring was mounted on a vertical stand with a ruler 
for deformation measurement. Weights were added 
incrementally in martensite and austenite states, and 
stiffness was calculated using Hooke’s law. The austenite 
test included heating above Af  while maintaining 
temperature via electrical current.

The actuation of the springs is executed by applying 
electricity through them. By using their resistive 
characteristics, they are heated to temperature of 70◦ , 
above defined Af  temperature. When the Af  temperature 
is reached, the springs contract and pull the grasper’s unit 
cells toward each other. For this actuation a power supply 
of V = 12V is used, capable of withstanding current of 10 
A. As the electricity runs through the SMA springs the 
current reaches value of I = 6.67A and the SMA springs 
are heated up to 70◦ . At this moment, the power supply 
is stopped in order to prevent overheating and damaging 
of the springs. To heat the SMA helical springs Joule 

Table 2   SMA springs characteristics

Material NiTiCu

Length when heated: 20 mm
Maximum deformation 150 mm
Transition temperature 65 °C
Stiffness coefficient when heated: 153 N/m
Stiffness coefficient in ambient temperature: 59.5 N/m
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effect is utilized and from the measured parameters it 
can be concluded that the SMA springs are actuated by 
power supply of approximately P = VI = 12 ⋅ 6.67 ≈ 80W 
(Eq. (10)).

Resistance measurements showed 1.3  Ω in the 
martensite phase at 20 °C and 1.799 Ω at 70 °C in the 
austenite state, measured with a digital multimeter. Due 
to the fact that the SMA spring acts like a resistor, an 
approximation is made that the resistance changes linearly 
while heating using Eq. (11):

where � represents the temperature coefficient and ΔT  the 
temperature difference while heating.

By replacing the measured values in the equation the 
temperature coefficient for this SMA springs is calculated 
to be � = 7.68 ⋅ 10−3C−1.

(10)P = VI

(11)R = R0(1 + �ΔT)

From the presented results and by combining Eqs. (10) 
and (11), a relationship between the power supply and the 
temperature rise could be derived in Eq. (12).

During experimental work and after prolonged use of 
SMA springs fatigue started to occur, some of the springs 
even had 50% strain that could not be recovered and when 
heated up they return to length of 30 mm instead of 20 mm. 
The springs are still functionable, but their shape memory 
form is changed. The attachment of the springs to the grasper 
is shown in Fig. 14a. During the research and experimental 
phase, power supply with high current capacity was used.

All connections from the SMA springs and wires were 
combined in one power supply, but they are stimulated 
independently. In future research a more powerful power 
supply and controller would be used where the SMA 
springs will be actuated simultaneously. Because of the high 

(12)
ΔT =

(

V2

PR0

− 1

)

�

Fig. 14   Experiments of folding and grasping process. a 3D-printed grasper with the attached SMA springs; b Folding of the grasper; c, d Grasp-
ing of an object
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resistance of the SMA springs, the power supply should be 
capable of generating stronger current. In this case study, 
we cannot use only one SMA spring for the entire structure 
because it can only achieve folding. But, if stiffer SMA 
springs are used, then their number can be reduced to one 
SMA spring per segment. At the end of the actuation the 
power supply is disconnected in order to allow the springs 
to cool down and return the grasper in the original position 
or to rotate the cell unit back with the help of the hinge 
stiffness. Prolonged actuation may lead to excessive heating 
and losing the SMAs characteristics.

In this case study, six SMA springs were used to actuate 
the grasper in order to achieve each of the multi-locomotion 
movements. Two springs are responsible for actuating one 
segment of the grasper. Folding of the grasper is presented 
in Fig. 14b. The heated springs generated force is around 
0.87 N each, measured indirectly based on the displacement 
of the springs. These forces are larger than the minimum 
needed of 0.4 N. The only negative side of the folding 
process is the requirement of constant power supply to the 
grasper that could lead to continuous battery drain.

Grasping of an object was also successfully achieved by 
grabbing larger object. The grasping process is presented 
in Fig. 14c and d. Similar to the folding experiment, the 
actuating forces were measured indirectly and lifting of 
the object was achieved with generated force of 0.87 N 
per spring, higher than the minimum required. This can be 
explained due to the fast responsiveness of the springs when 
they reach transient temperature and in that moment the 
generated force grows several times more than in ambient 
temperature.

The crawling movement as the most complex of all pre-
sented movements and the one that we focused on during the 
multi-body analysis is presented in Fig. 15a. The actuation 
signals applied to the grasper were determined using the 
optimized multi-body model. The experiment highlighted 

the potential of both the proposed grasper design and our 
comprehensive design framework. Remarkably, the grasper 
managed to cross a relatively significant distance relative 
to its size. However, as previously mentioned, deviations 
between the results of the analytical and multi-body mod-
eling are anticipated due to the downscaled model and 
reduced number of springs.

After conducting one iteration of crawling the covered 
distance of the grasper is 98 mm. Compared to results of 
the multi-body analysis there, the covered distance around 
118 mm. The error between the multi-body analysis and 
the real grasper is 20 mm which is in the desired limits. 
Therefore, we can conclude that the results confirm 
our proposed concept and design framework. The error 
is a result due to the limitations of the one-way shape 
memory alloy. For example, if we observe the optimized 
multi-body model in Fig. 13, near the third second of 
the simulation the grasper makes a leap that covers more 
distance than in the previous simulation time. This leap in 
the simulation is achieved by straightening the unit cells 
2, 3 and 4. While this process in the simulation is achieved 
by changing of the input hinge angle continuously and by 
an input command, in the experiment that was achieved 
by the elasticity of the grasper and the hinges’ stiffness. 
This process lasted longer due to the time interval needed 
to cool down the SMA springs and with that to reduce 
their stiffness. For future research two-way springs will 
be implemented, in order to achieve actuation force in 
the opposite direction that would be capable actuate the 
grasper faster and perform a “leap” similar to the one 
presented in the simulation.

The entire experiment of crawling compared to the 
multi-body simulation is presented in Fig. 16. The results 
and the experiments had shown the potential of the con-
cept and the design framework. The small difference of the 
results also contributes in the proposed concept of the design 

Fig. 15   Experiments of the grasper crawling movements: a Starting position of the grasper before crawling; b Covered distance of the grasper 
during one iteration of crawling
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framework, where any deviation in the results in the experi-
ments would result in another iteration in the design process, 
or in the multi-body analysis. To improve the design, round-
ing of the edges of the unit cells or at least some of them 
could be included. This was observed during the experiment 
where sharper edges of the unit cells result in better trac-
tion and friction during the crawling movement, but during 
experimentation it led to grasper getting stuck on the surface 
from time to time. This was especially the case of the sharp 
edges of the grasper’s “hands.”

Another improvement in the design could be achieved by 
adding additional hooks to the grasper’s “hands” in order 
to achieve better gripping. On the other hand, in our future 
research several improvements in the actuation will be made 
such as implementing two-way SMA springs, adding cooling 
system for the SMA springs for achieving faster response 
time and implementation of improved controller. The 
experiments had also shown the need for controller that is 
capable of withstanding higher current due to the resistance 
of the SMA springs.

7 � Conclusion and future work

In summary, this work presents a design framework for 
mechanically intelligent structures, demonstrating through 
the design of bio-inspired robotic grasper. This grasper 
design has several advantages over conventional designs: 
flat structure allows for easy manufacturability, but also 
effective and precise movements based on various stimuli; 
the combination of the grasper’s body and smart-material 
actuation provides high flexibility and complexity of 
motion; and scalability of the grasper can be directly 
linked to its environmental and operational conditions. 
Employing a segmented approach and determining initial 
values for the actuators can enhance decision-making in 
early stage when implementing SMA springs in the design. 
Creating a multi-body model of the grasper with the actual 
number of segments facilitates more accurate performance 
understanding. Optimization of actuation timing and 
segment angles, along with suitable actuators, has resulted 
in a faster and more energy-efficient grasper, particularly 
crucial in rough terrains and extreme conditions where 
battery life is vital.

Fig. 16   Comparison of the crawling movement between the optimized grasper in multi-body simulation and the prototype. The movements are 
presented in 5 different steps
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The conducted optimization of the actuator timing 
increases the traveled distance of the grasper from 25 to 
118 mm in one iteration. This concludes that besides the 
SMA characteristics, the actuation process and timing 
are equally important. The experiments conducted on the 
3D-printed grasper confirm the potential of the design 
framework as the prototypes demonstrate crawling move-
ment similar to the multi-body model with deviation in the 
travel distance by 17%.

Potential upgrades to the physical model include 
implementing two-way SMA springs and a cooling system 
to expedite spring actuation. The use of two-way springs 
would require less stiffer grasper; specifically, less effort 
would be required in determining the rightful hinge stiffness. 
In this case, the springs themselves will force the grasper to 
return to its original state while cooling. Also, two operating 
temperatures must be determined and if necessary different 
spring stiffness at the different temperature. The addition of 
two-way spring could remove the need of a cooling system 
if the difference between the operating temperatures is small. 
This is because the spring would start to generate extension 
force quickly after being heat up. If the difference between 
the operating temperatures is larger, then a cooling system 
will definitely help to achieve faster activation of the springs. 
The suggested improvements for the grasper design will be 
implemented and tested in future.

To enable implementation of a docking station to our 
concept, we foresee magnetic connectors. This can be 
achieved by placing electromagnet in one or more unit 
cells. The concept is chosen because it can be activated or 
deactivated by grasper’s embedded controller. The proposed 
design framework serves as a valuable tool for designers, 
engineers, and roboticists to leverage smart materials for 
actuation, paving the way for a new generation of remote 
robots capable of operating in real-world conditions. 
Furthermore, this framework can be expanded to incorporate 
multiple smart materials into the mechanical intelligence of 
future robots.

Overall, the design framework concept holds promise 
for streamlining the actuator decision-making process, 
optimizing actuators’ inputs through multi-body modeling, 
and reducing the need for trial and error in the prototyping 
phase. This would ultimately lead to faster robotic design 
processes and more sustainable robotic graspers.
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