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Abstract

The widespread deployment of service robots in domestic and professional environments
demands structural solutions that simultaneously achieve high stiffness, low mass, and
intrinsic safety. Traditional metallic structural designs face a fundamental physical conflict:
achieving high stiffness typically results in excessive mass, which compromises operational
safety and battery life. To solve this, this paper presents a critical review of an integrated
lightweighting strategy combining material selection, structural design, and additive man-
ufacturing for Carbon-Fiber-Reinforced Polymer (CFRP) service robot structures. Three
critical findings are presented. First, specific stiffness is established as the governing crite-
rion for material selection, providing a unified basis to resolve the stiffness–mass conflict.
Second, among current 3D printing techniques, Fused Deposition Modeling (FDM) with
continuous-fiber reinforcement overcomes the geometric constraints of traditional molding,
enabling the fabrication of complex, customized structures. Third, to realize the full po-
tential of 3D-printed CFRP, we highlight the importance of integrating material properties
(anisotropy), structural design (topology optimization), and manufacturing processes (path
planning) into a concurrent framework. This integrated approach is validated through a
collaborative robotic-arm case study, achieving a 30% reduction in structural mass.

Keywords: service robot; lightweight; 3D printing; carbon fiber composite material

1. Introduction
1.1. Social and Technological Context

With the growing severity of societal aging, significant labor shortages are emerging
alongside urgent demand for social services and security. According to a United Nations
report, the global population aged 65 is expected to double over the next three decades,
reaching 16% by 2050 [1]. Under these trends, the traditional labor system faces increasing
pressure, creating a strong demand for alternative solutions.

Service robots are expected to take over a wide array of human tasks in both produc-
tion and daily life operations. Societal aging leads to a reduced labor force and increased
demand for services like healthcare, personal assistance, and emotional interactions. Mean-
while, service robots have garnered widespread attention as effective alternatives to human
labor, providing daily service tasks and liberating humans from heavy, tedious, or dan-
gerous operations. Recent reports indicate significant growth in service robots across
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professional, consumer, and medical fields [2]. Driven by the demand, the global market is
experiencing a rapid expansion and is predicted to reach nearly $112.4 billion by 2030 [3].

Since service robots are closely integrated into human society and frequently interact
with people, safety is a primary consideration in their research and design. Lee pointed out
that, unlike industrial robots operating in structured environments, service robots typically
operate in dynamic and populated environments, which impose higher requirements on
safety, reliability, and interaction capabilities [4]. Therefore, ensuring that humans are not
physically harmed by machines during collaboration is a fundamental consideration in
service robot design.

To ensure safety during human–robot interaction, the robot’s moving mass and inertia
must be minimized to reduce potential impact energy. However, substantial strength
and payload capacity are also required for service robots to complete functional tasks.
This creates a physical paradox. Traditional metallic materials, like stainless steel and
aluminum, offer necessary stiffness but result in heavy systems that compromise safety
and battery life [5]. Conversely, conventional polymers are lightweight but lack mechanical
properties required for structural components. These conflicts cannot be fully resolved via
conventional subtractive manufacturing and materials alone.

To address these challenges, a collaborative approach integrating advanced materials
and manufacturing is required. Carbon-Fiber-Reinforced Polymer (CFRP) offers a specific
stiffness 3–5 times higher than metals [6]. When combined with 3D printing, it becomes an
ideal solution for fabricating complex, topology-optimized structures that maximize mate-
rial efficiency. Meanwhile, the path-planning capabilities of 3D printing allow engineers
to leverage CFRP’s anisotropic nature. This integration of high-performance materials
with an advanced manufacturing approach enables the creation of robot structures that are
simultaneously lightweight, strong, and safe.

1.2. Scope and Methodology of the Review

With this background, this paper presents a critical review of this integrated strategy
for next-generation robots. The roadmap of this review is organized as follows: Section 2
analyzes the mechanical requirements of service robots, defining the challenges of intrinsic
safety, energy efficiency, and environmental adaptability. Section 3 evaluates lightweight
composite materials, focusing on the mechanical advantages of CFRP for robotic appli-
cations. Section 4 reviews 3D printing technologies for CFRP, identifying the capabilities
of short-fiber versus continuous-fiber reinforcement. Section 5 explores further optimiza-
tion strategies, including topology optimization, path planning, and complex structure
design, highlighting how to leverage material anisotropy for structural efficiency. Finally,
Section 6 demonstrates this strategy through a specific case study, followed by providing a
conclusion and a future outlook.

2. Service Robots
2.1. Classifications of Service Robots

Based on the classification framework established by the International Federation
of Robotics (IFR), service robots can be classified into two categories: service robots for
domestic or personal use and service robots for professional use [2]. Unlike industrial
robots that operate in isolated structural environments, service robots are mainly deployed
in dynamic, unstructured environments populated by humans [4]. Whether automating
material flow in chaotic warehouses, performing delicate surgeries, or operating in dynamic
farmlands, these systems are experiencing a common shift: the need to execute complex
tasks while ensuring safety and adaptability [7,8]. To provide a clear overview of the current
landscape, Table 1 summarizes the key application scenarios and representative systems.
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Table 1. Classification and representative examples of service robots.

Category Application
Scenario Key Function Representative System

Personal Service Robot Home tasks robots
Task-oriented: To complete

domestic tasks such as vacuuming,
floor cleaning, etc. [2].

Robotic vacuum cleaner: Standard
domestic cleaning robot.

Personal Service Robot Assistive robots

Physical assistance: To assist
caregivers with physical care tasks

like monitoring, lifting, feeding,
and hygiene [9,10].

Stretch (Hello Robot): A lightweight
arm for household tasks [11].

Personal Service Robot Companion robots

Psychological assistance: To
provide company to enhance
well-being and rebuild social

connections [9,10].

Lovot: A companion robot
designed to improve quality of life

for people with dementia [12].

Professional Service Robot Logistics and
transportation robots

Heavy-load handling: To automate
the material flow in an unstructured
warehouse with human workers [2].

Titan (Amazon): Capable of lifting
up to 2500 lbs of heavy items [13].

Blue Jay (Amazon): Multi-arm
system for picking, stowing, and

packing [14].

Professional Service Robot Medical robots
Medical support: To assist in
delicate surgeries or provide

physical rehabilitation support [2].

da Vinci System: Master–slave
control system to ensure surgical

precision [15,16].
HAL Exoskeleton: To detect

bio-electric signals to assist the
movement [17].

Professional Service Robot Agricultural robots

Farming operation: To assist
agricultural work without causing

soil compaction and perform
delicate harvesting [7,18].

Farming GT: Lightweight robot (180
kg) for precise weeding [19,20].

Dogtooth: Strawberry-picking robot
using machine learning to

determine fruit position and
ripeness [21–23].

2.2. Structural Requirements and Challenges

In previous sections, we systematically introduced the classifications of service robots
with detailed examples and highlighted the industry’s critical transition in both domestic
and professional categories. To enable widespread deployment in the scenarios listed in
Table 1, a shift from structured industrial scenarios to unstructured, dynamic scenarios
with direct interactions with human must take place. A transformation in the physical
characteristics of these service robots is of great importance. Based on the application
requirements analyzed above, three core challenges must be addressed: intrinsic safety,
energy efficiency, and environmental adaptability.

(1) Intrinsic Safety

Intrinsic safety is the primary consideration for human–robot collaboration, particu-
larly in medical and domestic scenarios where robots work closely with humans. While
current safety control strategies often rely on sensors to monitor the workspace and stop
robots upon detecting potential collisions, these active control methods have limitations.
Zinn et al. demonstrate that during an impact, conventional control loops often have re-
sponse delays that are longer than the duration of an impact. In practice, the contact forces
are dominated by the inertial characteristics of the robot rather than control system [24].
Therefore, safety must be intrinsic to the robot’s physical structure. From a mechanical
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perspective, the severity of collision injury is dominated by impact dynamics, specifically
the kinetic energy (Ek), as shown in Equation (1):

Ek =
1
2

mv2 (1)

As indicated by the equation, potential injury energy is proportional to the moving
mass (m) and the square of velocity (v2). Since operational speed (v) determines productiv-
ity and cannot be reduced in most professional scenarios, minimizing the structural mass
becomes an important factor in lowering impact energy and reducing injury risks, which is
also verified by Haddadin et al. [25].

(2) Energy Efficiency

Unlike industrial robots, service robots mainly rely on onboard batteries. The fun-
damental inefficiency in current designs is that a significant portion of the limited energy
budget is consumed to accelerate and move the robot’s own heavy structure rather than
the payload. Researchers have developed energy consumption models mathematically
identifying that the power required for motion is dependent on the mass of the system.
As shown in Equation (2), the traction force Ftr required to move the robot is the sum of
inertial forces and resistive forces [26]:

Ftr = ma + µmg cos α (2)

Here, m is robot’s mass (m), a is the acceleration, µ is the coefficient of friction, g is
the gravity and α is the angle of motion to the vertical [26]. Thus, reducing system mass
directly decreases the power required for self-motion, directly extending battery life and
operational range without increasing battery payload. This principle is equally critical in
the field of wearable robotics. While the goal of the exoskeleton is to reduce the user’s
effort during motion, the device’s own weight might create an unnecessary burden. If
the robotic structure is too heavy, it might negate the mechanical assistance provided by
the exoskeleton. Reducing the structural mass in this case is critical to ensure the system
provides a net benefit to users [27].

(3) Environmental Adaptability

Beyond energy consumption, the structural mass of the service robot limits the dy-
namic performance of the manipulator in high-speed tasks and is responsible for the
physical impact on the working environment. For professional service robots, productivity
relies on the execution speed and working precision, yet high structural mass leads to high
rotational inertia. Zinn et al. demonstrated that when a heavy robot attempts high-speed
tasks, the large moving mass requires enormous torque to accelerate and decelerate. This
prevents the system from achieving desired accelerations, causing slower operation and
vibrations [24].

In agricultural scenarios, excessive weight causes direct physical damage to the oper-
ating field. Heavy robotic structures generate high ground pressure, leading to undesirable
soil compaction. Recent studies indicate that the excess weights of current farm machines
now induce mechanical stress that exceeds the safe limits for soil functioning [28]. Thus, to
navigate the unstructured environment without causing ecological damage, the industry
must transition gradually toward smaller and lighter units.

In summary, the physics of service robots validates that mass reduction is essential for
safety, efficiency, and sustainability. However, conventional metallic materials are reaching
performance limits due to their high density. They cannot achieve the necessary balance
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between mechanical properties and light weight. This industry faces an urgent demand for
a shift toward advanced lightweight materials, which will be discussed in the later sections.

3. Lightweight Composite Materials
3.1. Material Selection Strategy

As discussed in Section 2, the conflicting requirements of intrinsic safety, energy
efficiency, and environmental adaptability reflect a similar physical demand: minimizing
system mass while maximizing structural stiffness. Conventional metallic materials, like
stainless steels and aluminum alloys, cannot fully resolve these conflicts. While these
metals have served as an industry benchmark, their high density limits their performance
in service robots. To overcome the physical constraints discussed previously, a fundamental
shift in material selection strategy is required, moving from a focus on absolute properties to
specific properties. According to the methodology established by Ashby, the performance
index of lightweight, rigid structures is defined by specific stiffness (stiffness-to-density
ratio) [29]. Maximizing this index is essential for service robots, as it minimizes structural
mass without compromising the superior stiffness required for precise operation.

As illustrated in the Ashby chart (Figure 1), metallic materials are clustered in the
upper-right region of the chart, representing limited stiffness but high density. Fiber-
reinforced composites, especially CFRP, are distributed in the central-upper region. This
region represents the optimal zone for lightweight design, offering high stiffness at low
density. Quantitatively, with certain types of fibers, the specific stiffness of CFRP can
reach approximately 10 times higher than that of aluminum and steel [30]. In theory, this
allows CFRP to achieve equivalent stiffness with a mass reduction of up to 80% [31]. This
weight reduction directly lowers the kinetic energy during potential collision and reduces
power consumption, effectively addressing the safety and efficiency challenges discussed
in Section 2.

Figure 1. Ashby diagram: Young’s modulus E vs. density. Objective: maximize stiffness at minimum
mass [32].

Beyond superior specific properties, another dominant advantage of composite mate-
rials is anisotropy. Unlike isotropic metals, which exhibit uniform mechanical properties in
all directions, composites are multiphase systems that allow for property customization. In
robotic manipulators, loads are directional bending forces and torsional moments. Using
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isotropic metals to meet these stiffness requirements leads to material waste in low-stress
directions. In contrast, by tailoring the fiber alignment along specific load directions, CFRP
enables an optimized material distribution [33]. This assists in achieving an optimal balance
between stiffness and mass, meeting the precise demands of service robots.

3.2. Classification of Fiber-Reinforced Polymers
3.2.1. Glass-Fiber-Reinforced Polymer (GFRP)

Glass-Fiber-Reinforced Polymer (GFRP) represents the most mature and cost-effective
category within the lightweight composite family. Defined as a polymer matrix reinforced
by fine glass fibers (mostly E-glass), GFRP offers an excellent balance of low density, high
tensile strength, and manufacturability. Although its specific strength is lower than that of
carbon fiber, these characteristics enable widespread applications in aerospace, automotive,
and construction areas to achieve weight reduction at an affordable price [34].

A key advantage of GFRP is that its mechanical properties can be tailored by adjusting
the fiber volume fraction. El-Wazery et al. investigated polyester matrix composite with
varying fiber weight fraction (15–60 wt%). Their results indicated that the performance
peaks are at 60%, achieving 78.83 MPa of tensile strength and 119.23 MPa of flexural strength.
Additionally, surface hardness and impact energy were enhanced [35]. Similarly, Srinivasa
et al. demonstrated that the glass fibers mitigate failure under diverse stress conditions.
The paper revealed an increase of 20–25% in compressive strength and 15–20% in both
flexural and split tensile strengths [36]. For service robots operating in an unstructured
environment, a defining advantage of GFRP is its impact resistance rather than static
stiffness. Unlike stiffer materials, GFRP has good energy absorption ability. Asmare et al.
confirmed that by optimizing fiber content up to 65%, the maximum impact strength of
GFRP can reach 12.6 Joule with 52.46 MPa stress concentration at 1.4 mm deformation [37].

To further leverage these properties while mitigating the lower modulus, engineers
are now working on hybrid composites. By combining glass fiber with high-strength
materials, the overall yield strength can be improved while maintaining low manufacturing
costs [38]. This hybrid approach has been realized in the automotive industry, where
structural components like bumper beams are fabricated from 40% long-glass-fiber hybrid
polymer. The bumper beams exhibit a significantly higher specific-energy absorption ratio
and reduced weight at a comparable price [39]. Similarly, hybrid CFRP can also work as an
ideal material for protective shells and skins of service robots, protecting the sensors and
electronics during collisions or falls.

3.2.2. Natural-Fiber-Reinforced Polymer (NFRP)

Driven by growing demand for environmental sustainability, Natural-Fiber-Reinforced
Polymer (NFRP) has emerged as an alternative composite. Processed from bio-based
resources like flax, hemp, and jute, these materials offer a significant reduction in carbon
footprint during manufacturing. Yan et al. highlighted that while natural fibers possess
comparably lower strength compared to carbon fiber, their low density allows them to
achieve specific mechanical properties comparable to those of GFRP [40].

Sayeed et al. investigated various natural fibers, including jute, kenaf, and PALF,
reinforced polypropylene composites. Their findings indicated that with fiber volume
fractions from 30% to 40%, the composite can achieve tensile strength up to 58 MPa and
impact strength of 46 kJ/m2, significantly higher than the pure matrix [41]. However,
for service robots operating in a dynamic environment, the most critical advantage of
NFRP is its vibration-damping capacity. In high precision tasks, operating accuracy is
constrained by structural vibration. Prabhakaran et al. validated that flax-fiber-reinforced
polymers possess a vibration-damping capacity 51.03% higher than traditional GFRP.
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Furthermore, flax composites exhibited a sound coefficient 21–25% higher across both
low and high frequency ranges [42]. These findings suggest that NFRP is suitable for
applications requiring noise reduction and vibration isolation, which are essential for
ensuring precise manipulation.

Despite these advantages, the lower stiffness of natural fibers limits their application
in heavy-load structural components. To leverage the superior damping capability of NFRP
without compromising stiffness, hybrid composites are adopted. Fairlie and Njuguna
demonstrated that by interlacing carbon fiber with flax fiber, the dynamic performance of a
structure can be significantly optimized. While the addition of flax layers might slightly
reduce the overall stiffness compared to pure CFRP, it enhances the material’s ability to
absorb vibration energy [43]. Thus, balancing these characteristics enables the design of
robot links that are lightweight, stiff, and dynamically stable.

3.2.3. Carbon-Fiber-Reinforced Polymer (CFRP)

Carbon-Fiber-Reinforced Polymer (CFRP) is regarded as a typical representative of
modern lightweight composites, serving as the primary choice for high-end applications
requiring maximized performance. CFRP consists of reinforcing carbon fiber embedded
in a polymer matrix [44]. In this composite system, the fibers bear the mechanical loads
while the matrix ensures proper orientation and uniform load transfer [45]. Through
this combination, CFRP exhibits superior mechanical properties, including high strength,
corrosion resistance, fatigue resistance and light weight [44]. Figure 2 provides an overview
of typical categories of carbon fiber composites [46].

 

Figure 2. Overview of typical categories of carbon fiber composites [46].

Pierson et al. demonstrated the reinforcing efficiency of carbon fiber. They reported
that adding only 5.5 vol% carbon fiber to neat epoxy doubled both strength and stiffness.
For ABS thermoplastic matrices, the mechanical properties were even tripled [47]. These
advantages translate directly to robotic applications. Khozeimeh et al. replaced the alu-
minum alloy parts in a robotic manipulator with CFRP. Their study observed that CFRP
hollow square-section beams exhibited 1.17 times greater stiffness and 1.20 times higher
load capacity compared to I-section beams. Furthermore, the CFRP design resulted in
a significant increase in natural frequencies and a reduction in tip deflection, improving
operating accuracy [48].

Based on the type of matrix, CFRP is divided into thermoset and thermoplastic compos-
ites. Thermoset matrix currently dominates the market (~66.7%) due to its overall structural
rigidity and thermal stability [49,50]. However, the main disadvantage of thermoset is
obvious: once cured, the resin cannot be remelted or reshaped, making the recycling process
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significantly challenging and costly [51,52]. In contrast, thermoplastics are malleable and
can be reshaped. This feature allows recyclability [49], which is regarded as an essential
advantage in modern industry due to sustainability requirements. Furthermore, many
thermoplastics composites show significantly higher impact resistance, sometimes even
10 times than that of thermoplastic [52]. Due to these advantages, research into Carbon-
Fiber-Reinforced Thermoplastics (CFRTPs), especially with matrices like Polypropylene or
PEEK, has emerged as critical focus for the medical service robot industry.

3.2.4. Critical Analysis: The Selection of Lightweight Materials in Service Robots

According to Section 3.1, an alternative strategy for material selection in service robots
becomes evident. While each fiber-reinforced-polymer category offers distinct advantages,
their application is strictly constrained by physical limitations. GFRP exhibits high impact
resistance and cost-efficiency, making it ideal for external protective shells, similar to its
applications in the automotive industry [53,54]. Similarly, NFRP offers superior vibration
damping, allowing it to serve in dynamic but non-structural component [55].

However, the limitations of these two materials in service robots for structural compo-
nents are revealed by quantitative analysis. As discussed in Section 3.1, specific stiff-
ness is one essential selection criterion. While the densities of these composites are
comparable—1.50–2.10 g/cm3 for CFRP, 1.25–2.50 g/cm3 for GFRP, and 1.2–1.6 g/cm3 for
typical NFRP [55–57]—an obvious difference exists in stiffness; the elastic modulus of CFRP
is 120–580 Gpa, far exceeding that of GFRP (35–51 Gpa) and NFRP (2.5–96 GPa) [58,59].
Based on calculations, the specific stiffness of CFRP is 57–387 GPa/(g/cm3), while GFRP
is limited to 14–41 GPa/(g/cm3), and NFRP is limited to 1.6–80 GPa/(g/cm3). This cal-
culation indicates that the specific stiffness of CFRP is at least 3 times higher than that of
the other two types. To achieve the same structural rigidity using GFRP or NFRP, a much
thicker cross-section would be required. Thus, to simultaneously meet the requirements
for light weight and structural rigidity, CFRP remains the competitive option for main
structural parts of service robots. Consequently, the subsequent section will focus mainly
on CFRP and its processing strategies.

3.3. Carbon-Fiber-Reinforced Polymers (CFRPs): Properties and Anisotropy

As discussed, CFRP has various advantages, such as high specific strength, a low
coefficient of thermal expansion, superior fatigue resistance, and good thermal conductivity.
These properties allow CFRP to be widely applied in high-performance fields like aerospace,
automotive, machinery, electronics, and medical devices [60]. According to Zheng et al., the
fundamental mechanical properties are defined by fiber type, while volume fraction and
orientation of the fiber affect strength and stiffness. Optimization of post-processing and
manufacturing parameters can enhance the overall performance of the final component [61].

Unlike isotropic metals, which exhibit uniform properties in all directions, the me-
chanical performance of FRPs is governed by the orientation of the fibers related to the
load direction. Mortazavian et al. validated that the mechanical properties, such as tensile
strength and elastic modulus, are highly direction-dependent. Their research observed
a significant reduction in mechanical properties when the load angle shifts away from
the fiber direction [62]. This property can be applied to maximize the structural rigidity.
Jiang and Smith quantified this effect in 3D-printed composites, demonstrating that when
fibers are aligned with 0◦ (along load direction), the material exhibits a 312% improvement
in elastic modulus and 48.2% increase in tensile strength [63]. Furthermore, Zhang et al.
introduced a strategy integrating fiber alignment with topology optimization. Compared
to the original design, the optimized sample achieved a 305% improvement in strength and
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256% in stiffness, primarily due to reduced porosity and customized fiber paths matching
stress directions [64].

Finally, achieving these theoretical mechanical properties relies on the quality of
the interfacial bonding between the fiber and the matrix. Zheng et al. highlight that
the inertness of fiber surfaces limits the bonding adhesion. Strategies include chemical
treatment, plasma treatment, and sizing modification, which are employed to enhance
chemical compatibility and wettability between matrix and fiber [65]. Thus, modified
composites exhibit superior mechanical properties, ensuring structural rigidity under
dynamic loads [66].

3.4. Conventional Manufacturing Technologies of Carbon-Fiber-Reinforced Polymer
3.4.1. Key Techniques

The manufacturing technologies for CFRP are diverse, depending mainly on the
reinforcement type and the actual application of the final product [67]. Generally, the
fabrication process consists of two main stages: the creation of fiber preforms and the
curing with matrix [50]. Despite the emergence of advanced technologies, the industry
still relies heavily on conventional mold-based technologies. Among these, pultrusion,
filament winding, and compression molding are the most dominant processes relevant to
structural components.

Pultrusion is an automated manufacturing process designed to create components
with constant cross-sections (Figure 3). In this method, the fiber bundles are impregnated
with resin and then pulled through a heated die for curing. This technology is mature and
widely applied for mass production due to its high automation level [68,69]. However,
its geometric capability is limited to linear profiles, making it unsuitable for complex
shapes [70]. Meanwhile, the high initial capital investment for die fabrication makes it
economically unavailable for low-volume batch production or rapid prototyping [71,72].

 
Figure 3. Illustration of pultrusion technique for fiber-reinforced resin matrix composite [73].

Filament winding involves pulling continuous carbon fiber through a resin bath and
winding it onto a rotating mandrel, which serves as a mold (Figure 4). This technique is
widely applied for symmetric structures, such as pressure vessels and shafts, as it allows
fibers to be aligned along the load direction [50,68]. The primary advantage of this method
is its ability to produce high-stiffness products by utilizing continuous fibers with optimized
direction [70,72]. However, the geometry is limited to convex-shaped composites defined
by the mandrel, and the rough outer surface often requires post-processing. Similarly to
pultrusion, high setup costs limit its application to mass production [68].
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(a) (b)

Printhead 

Workpiece 

Figure 4. Representative equipment for thermoplastic wire laying: (a) overview, (b) printhead [74].

Compression molding is a close-mold process where prepregs are placed into pre-
heated molds. By applying heat and pressure, the material is cured in desired shapes [70,72].
This method is recognized for its precision and ability to produce components with excellent
surface finishes and complex features, such as integrated strengthening ribs [75]. Among
conventional techniques, it is often the most cost-effective for high-volume production as it
minimizes the material waste [68]. However, the limitations remain obvious: the tooling
costs for die fabrications are expensive, energy consumption is high, and precise thickness
control can be challenging [50,76].

3.4.2. Limitations of Conventional Manufacturing for Service Robots

While conventional techniques like pultrusion and compress molding are mature and
widely adopted in mass production in aerospace and automotive industries, their direct
application to service robotics faces significant economic and geometric limitations.

(1) Economic Constraints: Traditional CFRP manufacturing heavily relies on specialized
toolings and molds. Processes like compression molding require expensive metal
dies that demand high initial investment and a long setup period [50,71,72]. While
cost-effective for standardized mass production, the service robot industry currently
involves low-volume production and rapid iterative cycles. For customized robotic
parts, like rehabilitation exoskeletons for patients, the cost and time required for mold
fabrication are unacceptable.

(2) Geometric Constraints: Traditional techniques are limited to simple profiles or convex
shapes, such as plates, tubes, or shells [68,70]. They struggle to create extremely com-
plex, hollow, or topologically optimized structures required for lightweight robotic
parts. To achieve such complexity via traditional means, multiple simple parts are
fabricated independently and assembled. This introduces joints and fasteners that not
only add weight but also create potential failure points.

(3) Challenges in Anisotropy Control: Most critically, conventional methods fail to fully
leverage CFRP’s anisotropic properties in complex geometries. Service robot compo-
nents often operate under complex stress states, requiring continuous reinforcement
along load directions. Traditional winding or laying processes generally lack the
capability to fabricate fibers continuously along these complex stress vectors.

In summary, a shift from conventional manufacturing processes to a more flexible
and rapid manufacturing process is required. 3D printing techniques can eliminate tooling
constraints for customization, and more importantly, enable the rapid fabrication of complex
geometries. Meanwhile, the precise control of path planning in 3D printing allows for the
full utilization of CFRP anisotropy, aligning fibers precisely with complex stress directions.
This ability to simultaneously meet the demands of geometric complexity and material
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performance makes 3D printing key to unlock CFRP’s full potential in service robots. Thus,
Section 4 will present a comprehensive discussion of 3D printing technologies, especially
analyzing how digital freedom enhances the composites’ performance.

4. 3D Printing Technology
4.1. Overview of 3D Printing

3D printing, academically referred to as additive manufacturing (AM), is widely
regarded as a transformative advanced manufacturing technique. The fundamental prin-
ciple involves creating solid objects layer by layer based on the three-dimensional model
data [77]. Objects are constructed directly from Computer-Aided Design (CAD) drawings,
utilizing diverse materials from conventional thermoplastic to advanced graphene-based
composites [78,79]. As illustrated in Figure 5, the process consists of three stages: (1) gain-
ing geometric data via scanning or direct digital modeling; (2) slicing the digital model into
layers, followed by a physical deposition process; (3) finishing treatment, such as support
removal and surface polishing, to achieve final specifications [80]. This direct digital-to-
physical process eliminates the need for specialized tooling and machining. It serves as an
ideal technique for low-volume production, prototyping, and mass customization across
diverse sectors including research, medical, and automotive industries [78,80].

Figure 5. Illustration of the discrete layer-based 3D printing process [81].

The adoption of 3D printing in service robotics industry is driven by following
advantages:

(1) Geometry Complexity and Lightweighting: In high-performance applications such as
aerospace and robotics, lightweighting is a critical priority. 3D printing pushes the
limits of design freedom, allowing for the fabrication of complex, topology-optimized
structures that are impossible to produce via conventional injection molding or ma-
chining. Consequently, this technology enables the creation of mechanically efficient
structures with minimized mass [79,80].

(2) Mass Customization: 3D printing enables fully customized designs to fit specific
needs without initial tooling cost [80]. This is the particular evident in medical
robotics, where 3D printing is used for personalized surgical implants or rehabilitation
exoskeletons [82]. Currently, a wide range of medical-grade implants created with
3D printing have been adopted clinically [83]. Since manufacturing facilities can be
located closer to consumers than conventional factories, the process is more flexible
and responsive [78].

(3) Rapid Prototyping: 3D printing significantly shortens product development cycles.
Unlike conventional manufacturing that requires expensive models, this technique
allows for immediate creation and iteration of components. This ensures a faster time
to market, allowing companies to test and presell products. Also, rapid prototyping
permits verification of design before mass production [80].
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(4) Material and Energy Efficiency: As an additive process, material waste can be mini-
mized. Furthermore, by simplifying the supply chain and enabling localized manufac-
turing, the carbon footprint associated with transportation and logistics is substantially
decreased, aligning with global sustainability goals [78]. Additionally, the technology
offers potential for using recycled materials and reducing overall emissions [84].

While various 3D printing technologies exist, they are broadly categorized based on
the state of the raw materials (solid filament, liquid resin, or powder). For CFRP, the most
related techniques are Fused Deposition Modeling (FDM), also known as Fused Filament
Fabrication (FFF), Stereolithography (SLA), and Selective Laser Sintering (SLS). Table 2
presents the comparison of these technologies synthesized from recent reviews [80,85–89].
Among them, FDM has emerged as the dominant method for manufacturing CFRP. This is
because FDM is capable of printing both continuous and short fibers, ensuring superior
mechanical properties, multi-material capability, and low cost [90]. Although SLA has
demonstrated the ability to print continuous fibers via specialized mechanisms, it is mostly
applied for short-fiber composites and lacks the maturity for continuous integration [91].
Similarly, while SLS offers excellent surface resolution and accuracy for complex geometries,
its material compatibility is largely restricted to short-fiber powders, limiting the mechanical
reinforcement potential compared to FDM [92].

Table 2. Comparison of key 3D printing technologies for composites [80,85–89].

3D Printing
Technology

Conventional
Forming Materials Advantages Disadvantages Accuracy

Fused Deposition
Modeling (FDM) Extrusion

Thermoplastics
(PLA, ABS, PEEK,

Nylon)

Mature technology;
continuous-fiber

capability; low cost;
multi-material.

Anisotropy (weak
Z-axis strength);

stair-step effect; lower
accuracy.

0.1–0.2 mm

Stereolithography
(SLA) Photopolymerization Photocurable

resins

High accuracy;
excellent surface
finish; detailed

features.

Limited material
options (mostly short

fibers); resin
shrinkage; brittle.

<0.1 mm

Selective Laser
Sintering (SLS) Powder sintering

Thermoplastics
(Nylon),

metal/ceramic
powder

No support
structures needed;

complex geometries;
fast speed.

Limited to short
fibers; porous surface;

poor mechanical
properties vs.
continuous.

0.2 mm

Driven by CFRP’s remarkable chemical stability and exceptional mechanical, electrical,
and thermal properties, the integration of 3D printing with CFRP represents a significant
advancement in modern industry. 3D printing unlocks the full potential of composites by
enabling complex geometries and precise fiber path control, delivering extreme lightweight
designs that traditional manufacturing cannot achieve [92]. To fully understand this
potential, the next section will discuss the two main two categories of CFRP 3D printing,
short-fiber printing and continuous-fiber printing.

4.2. Short- vs. Continuous-Fiber Printing

Generally, CFRP utilized in 3D printing is categorized into two types: Short-
Fiber-Reinforced Polymer (SFRP) and Continuous-Fiber-Reinforced Polymer Composite
(CFRPC) [93,94]. The fundamental difference lies in the load transfer capability between
the matrix and the reinforcement. While continuous fibers can be precisely aligned with
the direction of force to maximize strength, short fibers (typically 0.2–0.4 mm) are oriented
randomly or partially aligned along the extrusion path [93,95] (Figure 6). As discussed be-
fore, the degree of alignment and fiber length significantly affect the mechanical properties.

https://doi.org/10.3390/jcs10030158

https://doi.org/10.3390/jcs10030158


J. Compos. Sci. 2026, 10, 158 13 of 26

Consequently, short fibers exhibit lower reinforcement efficiency compared to continuous
fibers [96]. This section analyzes the processing mechanics, mechanical properties, and
limitations, as well as applications for both categories.

Figure 6. The fiber orientation in (a) Continuous-Fiber-Reinforced Polymer vs. (b) Short-Fiber-
Reinforced Polymer [93].

4.2.1. Short-Fiber-Reinforced Polymer (SFRP)

Material extrusion technologies, such as FDM, have been widely applied for short-
fiber reinforcement [97]. In this process, the filament consists of thermoplastic matrix
blended with chopped fibers. The composite is heated to working temperature and
extruded through a nozzle to fabricate the component layer by layer [98]. The sim-
plicity of this process is similar to standard polymer printing, requiring no specialized
hardware modifications.

Studies have proven that SFRP significantly enhances stiffness compared to pure
polymer. Ivey et al. demonstrated that the addition of short fibers into PLA filaments
improves the elastic modulus of printed samples [97]. Toth et al. also revealed that short-
fiber reinforcement increased the overall tensile modulus by an average of 2.22 times and
flexural modulus by 2.69 times compared to the original matrix [99]. Liao et al. similarly
reported a 102.2% increase in tensile strength and a 265.9% increase in Young’s modulus by
adding 10 wt% short carbon fiber to PA12 [100]. Zhang et al. achieved a 141.3% increase in
modulus with 15 wt% short fiber in ABS matrix [101]. Overall, these findings indicate that
while the extent of reinforcement varies, it is strongly related to manufacturing parameters,
matrix type, and fiber volume fraction [102]. Table 3 presents the mechanical performance
of commercial short-fiber composites fabricated by FDM.

Table 3. Summary of mechanical performance of commercial short-carbon-fiber composites fabricated
by FDM [103].

Supplier Material Tensile Strength in
x-Direction (MPa)

Tensile Modulus in
x-Direction (GPa)

Stratasys
PA12/CF 75.6 7.5
ABS/CF 44 4.0
PLA/CF 47.9 4.8

3Dxtech
PETG/CF 55.5 4.9

PA/CF 63.9 4.4

Lehvoss PEEK/CF 176 14.5

Colorfabb PETG/CF 76 —

Despite these enhancements, the strengthening potential of SFRP is limited. The
effectiveness of reinforcement is constrained by the critical fiber length and the largely
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random fiber distribution, which can induce anisotropic properties and localized stress
concentrations [104]. Although recent research has focused on optimizing nozzle designs
to improve flow-induced alignment, SFRP cannot match the load-bearing capacity of
continuous fibers [105]. The advantages of SFRP lie in its processability and cost-efficiency.
Due to its high compatibility with conventional extrusion-based 3D printing, it offers a
simplified manufacturing route [106]. Consequently, short-fiber reinforcement is ideal for
semi-structural components such as robotic castings, sensor housings, and grippers, where
geometric complexity and dimensional accuracy are more critical than load capacity.

4.2.2. Continuous-Fiber-Reinforced Polymer Composites (CFRPCs)

Continuous fiber refers to reinforcing fiber that exceeds the critical length, ensuring
continuous load transfer along the fiber axis and maximizing mechanical efficiency [107].
In the context of FDM/FFF, the incorporation of continuous fibers typically occurs via three
distinct strategies [108]: (1) using pre-impregnated composite filaments where the fiber and
matrix are bonded prior to printing; (2) co-extrusion, where dry fibers and thermoplastic
matrix are combined within a single heated nozzle; and (3) dual-nozzle deposition, where
the matrix and fiber are deposited separately on the component. Through these processes,
continuous carbon fibers and polymer matrix are consolidated to form high-performance
quality structures [109].

The addition of continuous carbon fiber significantly increases overall mechanical
properties. Isobe et al. demonstrated that with continuous fiber reinforcement, the final
tensile strength is approximately 7 times higher and the elastic modulus is around 5 times
higher than that of short fiber or pure matrix [110]. To fully exploit this potential, advanced
processing strategies have been developed. Uşun et al. achieved a high fiber fraction up
to 50%, with layers preheated by an infrared heater. Interlayer adhesion was enhanced,
possessing a flexural strength of 1304 MPa and a tensile strength of 995 MPa [111]. Further-
more, to overcome the defects of FDM like weak interlayer bondings and high porosity,
Parandoush et al. introduced a novel laminated-object manufacturing approach. With
precise control of fiber alignment, they achieved a tensile strength of 668.3 MPa and flexural
strength of 591.16 MPa, significantly mitigating the weakness of interlayer bonding [112].

By running reinforcement through the full length of the printed part, CFRC offers
superior stiffness, fatigue resistance, and load-bearing capacity [94,113]. Precise control
over fiber orientation enables the tailoring of anisotropic mechanical properties, making
it perfect for load-bearing structural applications in high-performance industries such as
aerospace and automative [94]. However, several drawbacks in manufacturing process and
performance gaps still exist. Current continuous-fiber printing is constrained by low print
speeds, higher costs, and complexities in fabricating large or curved structures [94,114]. A
critical limitation is the fiber volume fraction: while traditional manufacturing methods can
achieve up to 50–60% fiber content, mainstream 3D printing systems are typically limited
to under 30% [104]. Additionally, fibers often cannot be fully impregnated due to low
forming pressure, causing poor interfacial interaction. These drawbacks affect the accuracy
and mechanical consistency of fabricated components, requiring further optimization to
increase the fiber content and consolidation quality [114,115].

5. 3D Printing of Lightweight Materials
While 3D printing provides the capability to create complex geometries, and CFRP

provides the material potential for high specific stiffness, structural optimization is the
bridge to translate these capabilities into physical performance. In conventional manufac-
turing, the realization of complex optimization is hard to realize, but 3D printing allows the
accurate deposition of materials in the desired position, as well as the precise control of fiber
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orientation [116]. This section will review three critical optimization strategies enabled by
3D printing: topology optimization, path planning, and the fabrication of special structures.

5.1. Integrated Topology Optimization of CFRP with Path Planning
5.1.1. Definition and Necessity

Topology optimization (TO) refers to a class of computational tools applied to optimize
the material layout within a given design, maximizing the objective function subject to
specific constraints (Figure 7) [117]. Currently, TO is widely adopted for weight reduction
in aerospace and automotive applications [118]. Although various approaches exist, the
Solid Isotropic Microstructure with Penalization for intermediate densities (SIMP) method,
established by Bendsoe decades ago, remains the most generally adopted approach [119].
However, traditional SIMP assumes isotropic material properties (like metals), which are
fundamentally incompatible with the anisotropic nature of composites [120,121].

 

Figure 7. Illustration of topology optimization (from left to right): (a) the original model, (b) stress
profile, (c) topology-optimized structure, and (d) the final stress profile [122].

A significant risk in applying isotropic TO to composites is structural instability. In TO,
slender members are frequently generated to achieve maximum weight reduction. While
high-strength fibers can theoretically support these loads, extremely slender composite
members are likely to buckle under compression. Current research often ignores this
anisotropy [123]. The full potential and mechanical properties of these high-performance
materials cannot be fully leveraged. Thus, anisotropic topology optimization that simulta-
neously considers material layout and fiber orientation is a crucial strategy to maximize
mechanical properties while minimizing weight.

The primary value of TO for service robots is the extreme removal of non-load-bearing
mass. By eliminating redundant material, the robotic part’s moment of inertia is minimized
without compromising its payload capacity. This direct reduction in moving mass funda-
mentally addresses the kinetic energy (Ek) challenge defined in Section 2, ensuring intrinsic
safety during high-speed human–robot collaboration.

5.1.2. Methodologies: From Short to Continuous Fibers

To align TO with the anisotropic nature of CFRP, researchers have developed various
systems. These methods range from optimizing short-fiber alignment to generating complex
path planning for continuous fiber composites, and recently, they include the AI-driven
path-planning method.

For SFRP, mechanical properties highly depend on bead orientation defined by print-
ing parameters. Jiang et al. presented a fiber angle optimization method for SFRP produced
using FFF. This method focuses on both the structural optimization and the fiber orientation
(defined by print parameter). By aligning print paths with force directions significantly,
mechanical stiffness is improved [124]. Similarly, Almeida Jr. et al. presented a concurrent
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framework to optimize both structure and orientation of chopped Carbon-Fiber-Reinforced
Thermoplastics (e.g., Onyx). Confirmed via FFF, their study indicated that by simultane-
ously addressing material layout with fiber angles, the stiffness and strength of printed
parts are enhanced compared to isotropic designs [121].

For CFRPCs, the challenge lies in maintaining fiber continuity along complex shapes.
Fernandes et al. successfully integrated TO with fiber path planning for continuous carbon
fiber composites. Although some post-processing was required, a 100% improvement of
specific stiffness and a 50% weight reduction were observed compared to conventional
directional laminates [116]. To bridge the gap between theoretical vector fields and the
actual fiber printing path, Zhang et al. introduced a parallel topology optimization system.
This system simultaneously optimizes topology, fiber volume fraction, and orientation
under strength constraints, utilizing a non-equidistant fiber-path-planning method to
generate printable toolpaths for beam structures [125].

Recent advancements also incorporate Artificial Intelligence to handle complex manu-
facturing constraints. Liu et al. proposed a co-optimization framework inspired by neural
network, which simultaneously optimizes structural topology, curve layers, and path ori-
entations. Physical experiments demonstrated that this integrated approach improved
failure loads by up to 33.1% compared to conventional ones [126]. Similarly, Shahzad
and Baur presented a topology and fiber orientation optimization framework tailored for
the ADRRIFT 3D printing process. Manufacturing constraints were addressed, and the
optimized design achieved a 50% fiber volume fraction, resulting in a 85% increase in
stiffness, validating the numerical predictions [127].

5.1.3. Manufacturing Constraints and Limitations

Despite the advancements and current optimization with fiber print path planning,
the transition from digital design to physical fabrication is hindered by strict characteristics.
The main challenge is that the theoretical fiber paths often exceed the bending limits of
carbon fiber. Zhang et al. found that if the turning angle is larger than 120◦ or the curvature
radii smaller than 5 mm, it causes fiber breakage, misalignment, and twisting due to the
excessive nozzle forces [128].

Similarly, even if the path is theoretically printable, the actual deposition process is
affected by material behavior. Matsuzaki et al. analyzed the relationship between the
designed and actual print radii. They demonstrated that larger fiber bundle size and tighter
curvatures cause shrinking in actual printing due to fiber twisting. According to their work,
75% of the radius represents a critical failure where printing becomes impossible [129].

Beyond this, maintaining the global consistency of the fiber path still remains a
challenge. Pan et al. mentioned that although streamlining strategies improve stiffness,
they still tend to generate sharp angles and discontinuous regions with rapidly varying
stress directions. The application of topology optimization often introduces excessive
geometric changes that disrupt consistency [130]. Future algorithms combining paths
must prioritize generating real continuous paths that avoid disrupting stress transmission,
strictly eliminating high-curvature corners to prevent fiber breakage [131].

5.2. Special Structures

In addition to macro-scale topology optimization, the design of meso-scale structures
plays a critical role in achieving functional goals for service robots. This section focuses on
two architectural strategies enabled by 3D printing: thin-walled sandwich structures and
lattice structures.
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5.2.1. Thin-Walled and Sandwich Structures

Hollow sandwich and thin-walled rib structures (like honeycomb) typically consist
of relatively thin face sheets separated by a thicker, lightweight core. Mechanically, the
face sheets primarily carry tensile and compressive stresses, while the core resists shear
stress. These structures offer high bending stiffness and strong resistance to buckling
while minimizing overall mass [132]. In the context of 3D printing, the performance of
these structures is determined by geometric parameters and path planning. Britto et al.
determined that optimizing geometric parameters, especially increasing the wall thickness
to only 1.6 mm, can significantly enhance the integrity of the structure. In this case, a
peak compressive strength of 2122 MPa is achieved [133]. However, fabricating complex
sandwich cores with continuous fibers remains challenging due to the need for continuous
extrusion paths. To address this, Sugiyama et al. developed a support-free printing method
for continuous-carbon-fiber sandwich structures. By applying a path-planning strategy
based on fiber tension, they successfully printed complex core geometries continuously
without support. Tests confirmed that the mechanical properties could be effectively
adjusted by manipulating the core topology [134].

Beyond basic mechanics, complex structures can offer multiple functions. Li et al.
fabricated novel thin-walled honeycomb hollow-pyramid sandwich structures using PLA
filaments. This design achieved significant improvements in compressive strength (up
to 12.5 MPa) with mechanical energy absorption, alongside effective microwave absorp-
tion [135]. Raghava and Chandra Reddy investigated hybrid structures combining 3D-
printed carbon fiber filament cores with carbon- and glass-fiber-reinforced skins. By
optimizing the filling patterns, these hybrid structures reached a maximum stress of
68 MPa [136].

For robotic applications, the superior bending stiffness of sandwich structures makes
them highly suitable for powered exoskeletons and wearable systems. Thin-wall CFRP
shells are capable of supporting the patient’s weight and resisting actuator torques without
adding burden mass, thereby directly extending battery life. Additionally, the multi-
functionality of these structures, like microwave absorption, makes them ideal for deliv-
ery robots and inspection drones. In these scenarios, the shell can work as an electro-
magnetic shield to protect sensitive internal processors from external interference and
physical impact.

5.2.2. Lattice and Cellular Structures

Lattice and cellular structures are widely adopted structures in engineering designs,
offering numerous benefits like superior specific strength, high rigidity, and energy ab-
sorption. Widely applied in aerospace engineering, these structures are confirmed to bear
load while minimizing weight [137]. The efficiency of these structures was investigated
by Perween et al., who evaluated the function-based lattices. Cylindrical components
containing cellular lattices with only 70% infill density exhibited outstanding strength and
specific strength than fully printed ones. This demonstrates the potential of engineered
cellular geometries to achieve lightweight, high-performance structures [138].

Gorguluarslan et al. introduced a framework for the design and non-linear analysis
of lattice-based cellular structures. Confirmed via physical tests, the octet-frame unit
was found to be the most effective structure for maximizing yield strength and energy
absorption [139]. Singh et al. compared mechanical properties and vibrational properties
of diamond, kelvin, and octa topologies. They revealed that while high-density octa lattice
achieved the highest stiffness (174.95 MPa), the medium-density diamond topology offered
the highest compression and vibration isolation [140]. These findings highlight that the
selection of shapes should be tailored to the specific operational environment of the robots.
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Recent research also integrated continuous carbon fiber into lattice cores to push per-
formance limits. Türkoğlu et al. investigated the dynamic performance of sandwich panels
featuring prismatic lattice cores made of continuous-fiber-reinforced polypropylene. They
produced fully recyclable, ultra-lightweight structures, which present superior mechanical
capacity, bearing ~270 kN in compression and ~240 kN in three-point bending. Notably,
under dynamic loading, the peak force capability doubled to 450 kN [141]. Furthermore,
Jin et al. investigated hybrid topological designs via FFF, achieving a 12.7-fold increase in
elastic modulus compared to conventional lattices [142].

For robotics systems, lattice structures offer critical advantages in intrinsic safety and
operational stability. In collaborative robots, the energy absorption of these structures
enables structural links to eliminate impact energy, thereby mitigating injury risks during
human–robot interactions. Simultaneously, for mobile platforms, the damping characteris-
tics of specific structures isolate motor vibrations. This ensures stable operation and control
accuracy while achieving significant weight reduction.

6. Applications in Service Robots: Case Study
To validate the materials and manufacturing strategies discussed in the previous

section, the team from the Tsinghua University Future Laboratory designed and developed
the “Tianhe” mobile catering service robot platform and the “Tianzuo” collaborative robotic
arm (Figure 8). These systems represent the next generation of service robots designed for
intelligent, emotional, and bionic interaction scenarios, mainly used in the catering service
industry. Capable of providing contactless delivery of food and beverages (e.g., coffee,
juice, meals) 24/7, these robots exemplify the strict requirements for intrinsic safety and
energy efficiency outlined in Section 2 [85].

 
Figure 8. Service robot systems developed by the research team: (a) “Tianhe” mobile catering service
robot platform; (b) “Tianzuo” collaborative manipulator [85].

6.1. Manufacturing Strategy

Consistent with the specific-stiffness criteria discussed in Section 3, the team adopted
a hybrid manufacturing approach, selecting specific 3D printing technologies tailored to
the functional requirements of different parts.

The curved shell of the mobile platform requires high dimensional accuracy and a
smooth surface finish to ensure safe and comfortable human interaction. Consequently, it
was printed using a large-scale 3D printing device SLA2400-DLC (Vistar (Xiamen) Indus-
tries Co., Xiamen, China) with ABS-like photosensitive resin. As mentioned in Section 4.1,
SLA is capable of creating complex, organic curves with superior surface resolution, elimi-
nating the need for expensive molds.
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The six-axis robotic arm serves as the main moving component, where mass reduction
is crucial to minimize the inertia. In this case, its shell was printed using the industrial-
grade 3D printing device Stratasys Fortus 380mc with Nylon 12 Carbon-Fiber-Reinforced
Thermoplastic material. As mentioned in Section 4.2, SFRP provides a superior specific
stiffness, while maintaining flexibility to print complex, topology-optimized parts.

6.2. Structural Optimization and Performance

With the design freedom of 3D printing, the shell of the robotic arm was topology-
optimized before fabrication, as discussed in Section 5.1, creating a highly integrated
lightweight structure. The implementation of these advanced manufacturing technologies
brings significant advantages. Firstly, the overall mass of the robotic arm structure was
reduced by 30%. According to the dynamic principles in Section 2, this mass reduction di-
rectly lowers the kinetic energy during operation, significantly enhancing the intrinsic safety
during potential collisions. Secondly, the reduced structural mass decreased the torque
requirements for the motors. This directly lowered energy consumption and extended the
operating period, meeting the efficiency goals of mobile service robots. Thirdly, by applying
3D printing, the number of shell components requiring assembly was reduced [85]. Thus,
the R&D cycle was shortened and production cost was lowered, demonstrating that 3D-
printed CFRP is a solution for small-batch production typical for the service robot industry.

7. Challenges
Driven by the global trend of population aging and increasing demand for automation,

the widespread deployment of service robots has become a critical industry focus. This
review identifies intrinsic safety, energy efficiency, and environmental adaptability as the
three fundamental challenges hindering the deployment. These requirements create a
physical conflict between high stiffness and lightweight design that conventional metallic
materials cannot meet. Through quantitative analysis, Carbon-Fiber-Reinforced Polymer
has been identified as a competitive solution, offering specific stiffness up to 10 times higher
than metals. However, the application of CFRP has long been constrained by the geometric
limitations and economic costs of traditional molding processes. 3D printing emerges as
the critical solution, removing these barriers in traditional manufacturing. It fully leverages
CFRP’s potential by manufacturing complex, topology-optimized structures with paths
tailored to the material’s anisotropic nature.

8. Conclusions and Perspective
This review establishes a systematic, integrated framework for the lightweight design

of CFRP service robot structures using additive manufacturing. By addressing the physical
conflict between high stiffness and low mass, the following conclusions are drawn:

1. Specific stiffness is confirmed as the most appropriate performance criterion for robotic
structural design. Unlike conventional metallic materials, CFRP offers a specific
stiffness up to 10 times higher, fulfilling the intrinsic safety, energy efficiency, and
environmental adaptability requirements of service robots collaborating with humans.

2. Among current 3D printing technologies, Fused Deposition Modeling (FDM) emerges
as the most competitive manufacturing technique. By eliminating the geometric
limitations and economic costs associated with conventional molds, it enables the
rapid fabrication of complex service robot structures.

3. To leverage the full potential of 3D-printed CFRP, a concurrent design approach
must be adopted. We highlight the importance of integrating material selection,
structural design (topology optimization), and manufacturing (printing path) into
an integrated optimization framework, moving away from a traditional sequential
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engineering workflow. As demonstrated by the “Tianhe” and “Tianzuo” case studies,
this concurrent approach achieved a 30% reduction in structural mass, validating the
framework’s effectiveness in ensuring reliability and intrinsic safety.

Furthermore, to promote the industrialization and capabilities of service robots, two
primary challenges must be addressed. First, the industry may move toward multi-material
3D printing to integrate rigid CFRP load-bearing skeletons with compliant polymer skins.
Mimicking biological bone-and-flesh structures, this approach combines high load capacity
with safe human interaction. Second, attention must be paid to real-time processing quality.
Future systems should integrate AI and ML to detect manufacturing defects in real time.
Addressing these challenges is crucial for accelerating the large-scale industrialization of
3D-printed service robots.

Overall, this review provides both a critical synthesis of the current stage of the
field and a forward-looking manufacturing roadmap, offering a practical guide for re-
searchers and engineers working toward the next generation of reliable, safe, and efficient
service robots.
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