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Scan and 3D Print: Magnetic Resonance Imaging-Guided,
Monolithic Desktop Fabrication of Highly Biomimetic

Skeletal System of the Human Hand

Gianni Stano,* Matteo Cianchetti, Antonio Pavone, Mattia D’Orazio, Yonas Tadesse,

and Gianluca Percoco

3D-printed human-inspired hands, while visually similar to their biological
counterparts, often lack key features that enable the unique capabilities

of human hands. In this research, a framework for desktop 3D printing
patient-specific human hands with a high functional level of biomimicry is
presented. Magnetic resonance imaging (MRI) data are used to create
computer aided design (CAD) models replicating key features of the skeletal
system, including soft joints, ligaments, and volar plates, which are critical for
mimicking the motions and functions of natural hands. The entire hand,
consisting of rigid and soft segments, is monolithically 3D-printed using a
commercial, inexpensive (~€ 500) desktop multimaterial printer, eliminating
the need for assembly and expensive 3D printers. The proposed MRI to
Desktop 3D printing approach contrasts with the state of the art, where high
biomimicry is achieved through a multistage assembly process and expensive
3D printing setups. The resulting hand shows several unique behaviors of
natural hands, including an opposable thumb moving across the palm,
improved resistance at bone-joint interfaces, high life cycle, constrained
bending, absorption of perpendicular loads, high range of coordinated, bio-
inspired motion, and grasping capabilities. The proposed approach can be
potentially used to 3D print prosthetic hands tailored to individual needs,
leveraging patient-specific digitally created MRI data.

1. Introduction

Additive manufacturing (AM) technologies
have been extensively explored for fabricating
human-inspired hands, offering significant
advantages, such as cost-effectiveness, the
ability to create intricate geometries, and
the seamless integration of external ele-
ments. The primary AM technologies used
in this domain include material extrusion
(MEX), vat photopolymerization, and mate-
rial jetting (M]), as the mechanical properties
of materials processed by these methods
align closely with those of the structural com-
ponents of human hands."~

Recent advancements have introduced
features, such as electronic skins for propri-
oception and exteroception,*”! innovative
control methodologies,™ self-healing mate-
rials mimicking the reparative behavior of
human skin,”) and novel wearable actua-
tors."®™" These developments are steering
the design of 3D-printed hands toward a
new paradigm. However, despite these inno-
vations, current 3D printing technologies
face significant challenges in producing
highly biomimetic hands. Such hands must
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replicate key human hand functions, including an opposable
thumb, monodirectional finger bending, varied stiffness along
the fingers (palmar and dorsal regions), robust soft—stiff interfaces,
and human-like movement patterns.*

In scientific literature, three distinct approaches have been
employed for fabricating 3D-printed hands. These approaches
emerge from the interplay of three key factors: 3D printing cost,
assembly complexity, and level of biomimicry. Each factor is cat-
egorized into two quantitative levels. The 3D printing cost is clas-
sified as either inexpensive (<€ 5,000 for the printing setup) or
expensive (>€ 5,000). The assembly complexity refers to the
number of postprinting assembly steps, ranging from one-shot
fabrication (0 assembly steps) to multiassembly (>1 assembly
step). The biomimicry level is determined by the number of
human hand features replicated, categorized as low (<2 features,
typically bones and soft joints) or high (>3 features, including
bones, soft joints, central slip, collateral ligaments, etc.). Based
on these criteria, three fabrication approaches are defined:
1) cost-effective, monomaterial one-shot, low biomimicry,
2) expensive, multiassembly, high biomimicry, and 3) expensive,
multimaterials one-shot, high biomimicry.

The cost-effective, monomaterial one-shot, low-biomimicry
approach leverages the assembly-free nature of 3D printing,
reducing fabrication time and eliminating assembly steps.!!***!
In this method, the movement of the fingers relies on engineered
joints or hinges as described by Mutlu et al.' This approach is
used in ref. [15] to monolithically fabricate a prosthetic hand with
improved grasping capabilities only made of soft materials (ther-
moplastic polyurethane). Similarly, Zhou et al.l"®! developed a 3D
printed hand composed of thermoplastic polyurethane (TPU) for
fingers and acrylonitrile butadiene styrene for the passive palm,
where motion relies on the mechanical design of engineered
joints rather than biomimicry. Deng and Tadesse!'”! used the
same one-shot approach for the fabrication of an entirely
TPU-based hand, activated by means of custom-made and
light-weight shape memory alloys (SMAs) actuators connected
to tendons, in turn connected to every finger. Stiff materials,
such as polylactic acid (PLA), have also been employed to fabri-
cate hands featuring integrated complex mechanical mecha-
nisms, including leaf springs and whippletree mechanisms,
and a driving link, to provide motion (only bending) to the fin-
gers.'® It should be noted that selective bending was not
allowed, as the main mechanism jointly pulled four fingers at
the same time. De Pascali et al.*! used a photopolymer flexible
resin (shore A-85) to fabricate a soft hand with built-in pneumatic
actuators, resulting in the on-demand bending of each finger.
The monomaterial one-shot approach, despite being character-
ized by several advantages, such as reduced fabrication time
and no assembly tasks, still suffers from low biomimicry, as it
fails to replicate anatomical features like bone—joint systems, col-
lateral ligaments, and volar plates, resulting in reduced function-
ality compared to human hands.

A different strategy involves the multiassembly high-biomimicry
approach, where structural components of the hand are separately
3D-printed and subsequently assembled. This method allows for
greater anatomical fidelity and improved hand functionality but
requires many assembly tasks (and fabrication processes), resulting
in increased fabrication time, higher labor costs, and potential
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inaccuracies or weaknesses at the assembly interfaces that could
impact the overall performance and durability of the hand.

This approach was leveraged from Xu et al.,*” they separately
3D-printed every single phalanx by using rigid material (preserv-
ing the original shape of the bones) and subsequently assembled
them with flexible elements (no 3D printed) acting as joints and
ligaments. By using this approach, an extremely high biomimicry
degree was obtained, directly translated into replicating several
human hand functions, such as complex finger motions, preci-
sion grasping, and repeatability of movements. Similarly, bones
3D printed from rigid materials and soft tissues 3Dprinted from
soft materials have demonstrated the importance of biomimicry
in successfully replicating human hand behaviors beyond mere
finger bending.!*"!

A third, still underexplored approach (“expensive multimate-
rial one-shot high biomimicry”) consists of preserving biomimi-
cry while leveraging one-shot 3D printing fabrication. However,
this method usually comes with a price to pay: high cost of the 3D
printing system, as MJ 3D printers can exceed 50 000 euros.
Huges et al.”? used a M]J Stratasys Connex 500 3D printer to
jointly process soft and stiff materials in order to fabricate a
highly biomimetic hand, composed of bones, soft joints, and col-
lateral ligaments. The 3D-printed hand was passively used by
exploiting the anisotropic stiffness of the bone—joint configura-
tions for playing piano. According to this approach, Buchner
et al.*®! advanced the soft-stiff 3D printing paradigm by using
a vision-controlled M] 3D printing setup to fabricate a highly bio-
inspired 3D printed hand comprising rigid bones, soft joints,
thereby enhancing both biomimicry and functionality.

This approach, while associated with significant costs,
remains the only state-of-the-art method capable of fabricating
bioinspired hands in a single manufacturing step without the
need for assembly tasks, thus achieving a seamless integration
of structural and functional elements.

This article introduces a fourth unexplored approach, which
combines low-cost, one-step fabrication and high biomimicry,
leveraging an inexpensive desktop multimaterial MEX 3D printer
(=€ 500) for the monolithic fabrication of highly biomimetic
hands. The proposed method incorporates magnetic resonance
imaging (MRI)-guided design to include often-overlooked ana-
tomical elements, such as volar plates and collateral ligaments,
which significantly enhance biomimicry and functionality by
enabling constrained bending and reducing lateral translation.
Key features of the proposed hand include a tougher soft-stiff
interface, achieved through a gradient generation technique at
the soft—stiff interface, and bioengineered 3D interlocks that relo-
cate rupture points away from the interface, mimicking biologi-
cal systems. Additionally, the MRI-based design enables a wide
range of bioinspired motions, including an opposable thumb
moving across the whole palm capable of opposing all the other
four fingers, and abduction capability, which translates into the
possibility of performing either power or precision grasping. The
authors envision the proposed method enabling the desktop 3D
printing of assembly-free, cost-effective devices for customized
prosthetic hands tailored to individual needs, using patient-
specific digital models derived from MRI data. In a future
where digital twins of human bodies are widely available, this
approach could facilitate the reproduction of body parts with
biomechanical properties nearly identical to the originals.
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Such advancements hold significant implications for prosthetics,
offering improvements in functionality, production efficiency,
customization, and accessibility.

2. Results

2.1. MRI to One-Shot Desktop Fabrication of Human-Inspired
Hand

3D-printed robotic hands often lack key features that enable the
unique functionalities of human hands, such as an opposable
thumb, shock absorption under perpendicular loads, prevention
of finger hyperextension in unintended directions, and more. To
address these limitations and preserve the geometric and shape
fidelity of human fingers, this research utilized MRI data to cre-
ate CAD models. These models incorporate rigid bones, soft
joints, and essential soft components, such as the volar plate
and collateral ligaments, which are typically excluded in robotic
hand designs. More details about the CAD models starting from
MRI are provided in the Experimental Section. An inexpensive
desktop multimaterial 3D printer (=€ 500) was employed to fab-
ricate both rigid and soft segments, in a single shot. In addition, a
custom gradient generation technique was developed via.gcode
modification to enhance adhesion at the soft-stiff interface.
This was complemented by engineered interlocking features,
which improved interfacial adhesion by 293% and relocated
the rupture site away from the interface, mimicking failure
behavior observed in biological systems. This monolithic 3D-
printing approach eliminates the need for assembly steps, pro-
ducing a fully functional structure immediately upon removal
from the printer. Otherwise, assembling the 27 bonest?4 of
the human hand itself would require an extremely intricate
and time-intensive process. The resulting hand demonstrates
a high degree of biomimicry, unlocking the rigorous replication
of several behaviors of human hands, including constrained
bending, lateral shock absorption of the finger, opposable thumb,
abduction, and bioinspired motions when activated.

The workflow for this research is depicted in Figure 1A, illus-
trating the combination of two key elements: 1) an MRI-CAD
framework and 2) a multi-MEX 3D printing paradigm. As shown
in Figure 1B, this unique approach achieves a high degree of bio-
mimicry through a streamlined, cost-effective monolithic fabrica-
tion process utilizing a desktop multimaterial MEX system. This
contrasts with existing literature, where high biomimicry is typically
achieved through multiple assembly steps, and one-shot fabrication
methods often result in low bioinspired designs, or alternatively,
extremely expensive M] 3D printing machines are required for fab-
ricating assembly-free hands with high biomimicry.

The primary advantage of this method lies in its elimination
of assembly steps (see Figure 1C) while simultaneously enhancing
the biomimicry of the 3D printed hand, leveraging an inexpen-
sive multimaterial MEX desktop setup. In addition to the cost-
effectiveness of the 3D printing setup, the estimated cost of the
entire hand is € 9.37 (see Section S1, Supporting Information),
making the proposed approach accessible to a broad audience.
A total time of 17 h and 20 min was needed for the whole fabrica-
tion and postprocessing of the proposed hand. With a digital twin
of the hand (CAD model based on MRI data), the proposed
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method allows efficient manufacturing of exact replicas of motor
functional elements of hands or fingers for either prosthetic pur-
poses or physical twins, tailored to the specific person. As a matter
of fact, scalability is a key feature of the proposed method (see
Figure 1D): the inexpensive multimaterial desktop 3D printer
employed offers high resolution (12 pm) and accuracy (1pm),
enabling the fabrication of fine anatomical details in downsized
models (e.g., a one-year-old’s hand). Additionally, its ample build
volume (300 x 300 x 340 mm) allows manufacturing large mod-
els, such as those representing individuals up to 200 cm in height.
Movie S1, Supporting Information, shows the proposed multima-
terial 3D printed hand performing human-like movements.

Beyond the significant reduction in 3D printer cost (~€ 500 for
MEX compared to over € 10 000 for M]), the proposed hand fabri-
cated via MEX offers several key advantages over state-of-the-art
hands produced using MJ techniques. These advantages primarily
lie in the broader range of printable materials, exhibiting an elon-
gation at break of up to 600% with MEX, compared to 250% for
M]J, and in the superior adhesion strength at soft—stiff interfaces
(38 MPa in this work versus 1.8 MPa for MJ*??). These improved
material characteristics, combined with the anatomical accuracy
enabled by the proposed MRI-informed design framework, lead
to significantly enhanced biomechanical performance, including
increase in palmar stiffness (1149 Nm™" against 50 N m™ %),
lateral stiffness (1835 versus 100 N m™'??), and improved thumb
mobility (Kapanji score of 10 versus 6/**). A detailed quantitative
comparison between the proposed MEX-fabricated hand and MJ-
based counterparts is provided in Table 1.

The MRI-to-3D print method presented in this research rep-
resents a first step toward a new intelligent digital manufacturing
approach of soft—stiff musculoskeletal systems aimed at enhanc-
ing their functionality and performance through two main cores:
1) AM, and 2) bioinspiration.

2.2. Creating Tougher Soft-Stiff Interfaces

In biological systems, soft—stiff interfaces represent the toughest
part of the musculoskeletal systems, hardly ever do failures
happen at the interface.”>?®! However, in 3D-printed soft—stiff
interfaces, the behavior is the opposite, these interfaces often
represent the weakest points, prone to rupture due to localized
stress concentrations.

In scientific literature, the selection of rigid and soft materials
for fabricating 3D-printed hands is primarily guided by the
mechanical properties of the materials. Polymers and composites
with Young’s modulus, ultimate tensile strength (UTS), and
elongation at break values close to those of human counterparts
are typically chosen. In this research, a novel adhesion-oriented
metric was employed to optimize material selection for soft—stiff
interfaces, prioritizing adhesion performance over standalone
mechanical properties.

A total of four rigid materials, with properties comparable to
finger bones, and two soft materials, mimicking the mechanical
behavior of soft joints, were considered. Details about these
material groups are provided in Section S2, Supporting
Information. All possible combinations of these materials were
tested mechanically (three repetitions per combination) follow-
ing the procedure described in the Experimental Section.

© 2025 The Author(s). Advanced Intelligent Systems published by Wiley-VCH GmbH
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Figure 1. One-shot desktop 3D printing of the proposed biomimetic hand using MRI data. A) Workflow underlying the present research. It should be
noted that white color represents bone-like segments (stiff materials), while black color represents joint-like segments (soft material); and B) state of the
art in 3D printed hands, and positioning of the proposed work. As described in the Introduction section, three main patterns characterize 3D printed
hands: i) green bar: cost-effectiveness, monomaterial one-shot, low-biomimicry, ref. [15]. ii) red bar: multiassembly, high biomimicry, ref. [20] and iii) blue
bar: expensive, multimaterial one-shot, high biomimicry, ref. [23]. The present paper aims at creating a new paradigm (yellow bar): cost-effectiveness,
multimaterial one-shot, and high biomimicry by using desktop multimaterial MEX and MRI-guided design. C) Proposed hand in the slicing software for
one shot 3D printing, D) Scalability of the proposed MRI-desktop 3D printing approach.

Among the tested combinations, PLA and soft TPU 85 A (TPU
85 A) showed the highest adhesion strength, as illustrated in
Figure 2A,B. Their adhesion was four times higher than the
adhesion of the unoptimized combination, including carbon
fiber nylon (often used to 3D print bones, as its mechanical per-
formances are better compared to other materials when consid-
ered as a stand-alone material) and TPU 75 A. Although the
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analysis was conducted on plain interfaces (no interlocking), a
graded region was introduced at the soft—stiff interface, inspired
by biological systems where soft and stiff materials transition
through a gradient composed of both materials.

Creating a graded region has been shown to enhance
adhesion.””**)  However, conventional techniques typically
require either external custom mixing devices integrated into
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Table 1. Comparison between M)-fabricated hands and proposed MEX-fabricated hand.
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M)-fabricated ref. [22] M| vision jet-fabricated ref. [23] Proposed work Comments
3D printer Stratasys Connex 500 InkBit Vista JG Maker Artist D Pro n/a
Cost of 3D printer Around € 35000 Around € 500 000 Around € 500 n/a

Soft material (elongation at break) 220% 250% 600% Possibility to use more flexible
materials in MEX
Soft-stiff interface adhesion n/a 1.8 MPa 38.6 MPa Improved soft-stiff adhesion
Kapandiji test (thumb opposability) n/a 6 out of 10 10 out of 10 Improved range of motions
Adduction/abduction Allowed n/a Allowed n/a
Stiffness of the finger (palmar) 50Nm™’ n/a 1149Nm™! Higher palmar stiffness prevents unwanted
backward bending
Lateral stiffness 100N m™' n/a 1835 Nmm™" Effect of the volar plate - prevents unwanted
sideways bending
, . C
Stiff materials — Soft 1 Stiff materials — Soft 2 Soft Rigid No rupture at the
(TPU 85 A) (TPU 75 A) interface soft-stiff
800 800
600
A 3,
8 400
S
—PLA [
ABS 200
=== Glass fiber Nylon
=== Carbon fiber Nylon
0 50 100 150 200 250 300 0 50 100 150 200 250 300
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D . ,
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Figure 2. Adhesion-centered material selection for tougher soft—stiff interfaces. A) Adhesion results for stiff materials and soft material 1 (TPU 85 A);
B) adhesion results for stiff materials and soft material 2 (TPU 75 A); C) graded soft—stiff interface generated via the proposed gradient generator tech-
nique; D) effect of interlocking on the interface adhesion; E) dislocation test on 3D printed finger, showing that no rupture occurred at the interface;
F) fatigue test under tensile loading; and G) fatigue test under bending loading.
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the 3D printe or custom-designed digital filaments.
While highly effective, these methods are challenging to imple-
ment for a broader audience as they necessitate significant mod-
ifications to the 3D printing setup.

To overcome these limitations, the authors employed a gradi-
ent generation technique that requires only G-code modifica-
tions, eliminating the need for hardware alterations. This
method utilizes a custom script to overlap the soft material onto
the rigid material at the interface at every extruded layer, forming
a material gradient. After extruding a plain soft—stiff interface,
the nozzle is instructed through.gcode modification to extrude
an extra amount of soft material (0.4 mm wide and 0.2 mm thick)
directly on top of the rigid one, to create an overlap region.
Immediately after creating the overlap region (before starting
printing the next layer), the hot nozzle performs an ironing pro-
cess on the interface, applying both pressure and localized
reheating to enhance wettability and molecular interdiffusion,*!
thereby resulting in improved interfacial bonding.**** The iron-
ing process diffuses the soft material within the rigid one: a
strain interface gradient is introduced. In summary, the pro-
posed gradient generation technique is based on two fundamen-
tal consecutive steps happening at the interface: i) extrusion
overlap, and ii) ironing process.

The proposed technique increased adhesion by 37.8% and was
adopted throughout the whole study. Further details are provided
in the Experimental Section and in Figure S1B, Supporting
Information. Figure 2C shows the soft-stiff interface manufac-
tured with the proposed gradient generation technique.

After finding the most suitable pair of stiff-soft materials
on plain interfaces with a graded transition region, the mechani-
cal interlocking method, widely recognized to improve
interface adhesion between dissimilar materials, was leveraged.
Traditional 2D interlocking designs were evaluated, with the
T-shaped interlock demonstrating the highest improvement in
UTS, increasing from 9.8 MPa (plain interface) to 15.2 MPa.
Inspired by the principle that increased contact area along
3-dimensions enhances adhesion,*® a custom 3D interlocking
mechanism was developed (see Figure 2D). Unlike conventional
2D mechanisms, this design provides additional contact along
the third dimension, enabled by MEX technology, which would
be challenging to achieve using traditional manufacturing meth-
ods. The proposed 3D interlocking mechanism yielded a UTS of
38.6 MPa, representing a 293% increase compared to the plain
interface (often used when 3D printing soft—stiff interfaces) and
a 153% improvement over the best 2D interlock (T-shaped). This
interlocking approach was integrated into the CAD design of the
finger model, based on MRI data: each phalanx-joint system
included an embedded internal 3D interlock.

To evaluate the performance of the 3D interlocking mecha-
nism, dislocation tests were conducted on 3D-printed fingers
(Figure 2E). During these tests, each phalanx was pulled individ-
ually while the metacarpus was fixed. As shown in Figure 2E and
Movie S2, Supporting Information, failures consistently
occurred within the phalanx material rather than at the interface.
This outcome demonstrated that the soft-stiff interface was
tuned to be tougher than the bone itself, as found in biological
systems. Notably, when the proximal phalanx was pulled while
the metacarpus was fixed, a force of 117 N was required to induce
failure. The entire finger exhibited an elongation at break of 37%,
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further validating the robustness of the interface and the effec-
tiveness of the proposed 3D interlocking mechanism.

The proposed 3D interlocking soft-stiff gradient interface was
evaluated under repeated loading conditions. Two low-frequency
fatigue tests, one in tension and one in bending, were conducted
to benchmark the performance of the proposed interface against
conventional designs. Details of the testing protocols are pro-
vided in the Experimental Section. In both tests, the 3D gradient
interface withstood all 10000 loading cycles without failure,
whereas traditional interfaces failed between 383 and 7,748
cycles (See Figure 2F,G). These results demonstrate that the pro-
posed interface is not only mechanically tougher and capable of
relocating the failure point away from the interface but also
exhibits superior fatigue resistance. This makes it a highly prom-
ising solution for musculoskeletal applications, where durability
under cyclic loading is critical. Future work will focus on a more
in-depth characterization of the proposed interface, including its
performance under varying environmental conditions such as
temperature and humidity.

2.3. Unlocking Human Finger Behavior: Volar Plate and
Collateral Ligament

The proposed 3D-printed finger (see Figure 3A) is equipped with
two key elements, often omitted in 3D-printed robotic hands: col-
lateral ligament and volar plate. These components enable
unique functionalities rarely reported in robotic musculoskeletal
systems. As illustrated in Figure 3B,C, the volar plate plays a cru-
cial role in ensuring directional bending of the finger. When a
force is applied to the dorsal (nail) side of the finger, the volar
plate permits bending in the direction of the applied force.
Conversely, when a force is applied to the palmar side, the volar
plate acts as a constraint, preventing bending in the opposite
direction. This feature is vital for avoiding abnormal hyperexten-
sion of the finger and ensures that the finger bends only in one
direction, mimicking natural human behavior. This functionality
is particularly advantageous when grasping heavy loads, as it pre-
vents unintended bending, improves stability, and evenly distrib-
utes forces. This enhances the finger’s load-bearing capacity and
reliability in demanding applications. The proposed finger, unlike
3D printed fingers found in scientific literature, is characterized by
two distinct stiffness values: low stiffness on the dorsal side and
high stiffness on the palmar side. A direct comparison between the
stiffness (palmar side) of the proposed finger with some relevant
works on 3D-printed fingers!***”! found in literature is provided in
Section S3, Supporting Information.

As shown in Figure 3D,E, the collateral ligament is critical for
maintaining joint stability and functionality. When a force per-
pendicular to the finger’s central axis (radial side) is applied, the
collateral ligament absorbs stress, preventing abnormal lateral
movements. Without this component, the finger would experi-
ence undesired sideways motions, leading to joint instability dur-
ing flexion and extension.

Both elements were characterized, proving their importance
and the direct correlation between biomimicry and human-like
behavior. As shown in Figure 4A,B, a force of 3 N applied to the
dorsal side (natural bending direction of human fingers) resulted
in a maximum vertical displacement of 43.8 mm. In contrast, the
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Figure 3. Key biological elements embedded into the proposed finger: the volar plate and collateral ligament. A) One-shot 3D printed finger,
B) 3D-printed volar plate, C) effect of volar plate, D) 3D-printed collateral ligament, and E) effect of collateral ligament.

same force applied to the palmar side yielded a maximum vertical
displacement of 26.1 mm. The influence of the volar platel*®! is
further evident in the stiffness of the proposed finger, which was
calculated as follows

s—2 (1)
where S is the stiffness (N m ™), F is the maximum force applied
(N), and d is the maximum vertical displacement of the tip (m). A
dorsal and palmar stiffness of 68.5 and 114.9Nm™' were
achieved, respectively. It should be noted that the volar plate
increases the stiffness of 67.7% on the palmar side, thereby pro-
viding high load-bearing capacity to the finger, preventing the
abnormal hyperextension when loads are applied in the palmar
direction (see Movie S3, Supporting Information). These results
also closely align with the findings of®®” which reported a mean
human finger displacement of 3.7 mm at a force of 1 N applied to
the dorsal side. In comparison, the proposed 3D-printed finger
exhibits a vertical displacement of 4.1 mm under the same load-
ing condition. This similarity highlights the effectiveness of the
proposed MRI-informed framework in replicating human finger
behavior, particularly within the force range of 0 to 3 N, which is
typical in real-world scenarios.

The collateral ligament was tested by applying a maximum
force of 10 N on the radial side: under this condition, the finger-
tip exhibited a maximum displacement of 5.45 mm, as shown in
Figure 4C,D. It should be noted that a force of 6.2 N is required to
obtain a minimum lateral translation of the tip of 0.2 mm. Below
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that threshold, no lateral translations were detected. The collat-
eral ligament provided high structural integrity to the finger,
mimicking the human finger counterpart, as shown in Movie
S4, Supporting Information. A lateral stiffness of 1835 Nm™*
was achieved in the proposed 3D-printed finger due to the con-
tribution of the collateral ligament. This value is comparable to
the experimentally measured lateral stiffness of 2700 Nm ™!
reported in ref. [39] based on tests conducted on 20 human sub-
jects. The authors attribute the reduced stiffness in the present
model to two main factors: i) the measurements in ref. [39] were
performed on real fingers, which include skin and other biologi-
cal tissues that contribute to increased stiffness, unlike the pro-
posed 3D printed finger, which consists solely of bones and soft
joints; and ii) the experimental data in ref. [39] reflect intersubject
variability, as the cohort included individuals of varying age,
weight, and height. The testing procedure used for both the volar
plate and the collateral ligament is detailed in the Experimental
Section.

The behavior exhibited when testing both the volar plate and
the collateral ligament (incorporated into the finger design
thanks to the proposed MRI-guided approach) was accurately
predicted by simulations, using elastic and hyperelastic models
(see Section S4, Supporting Information). The tip displacement
was predicted with an accuracy of 95.6%, 98.2%, and 96.3%
when applying force on the dorsal side, palmar side, and radial
side, respectively. Such a tool could also be potentially used to
perform topological optimization, further enhancing the positive
effects of the volar plate and collateral ligaments under specific
conditions (i.e., high loads, fatigue, and others).
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Figure 4. Characterization of 3D-printed biological elements: A) Effect of volar plate on fingertip displacement; B) volar plate on dorsal side and palmar
side bending during the test, benchmarked with FEM simulations; C) collateral ligament in minimizing the lateral translation during the test, bench-
marked with FEM simulations; and D) effect of collateral ligament on lateral translation.

2.4. 3D-Printed Hand Motion Capabilities

In this section, the motion capabilities of the proposed 3D-
printed hand are characterized and analyzed. The robotic hand
utilized a tendon-driven actuation system, where a NEMA 17
stepper motor (1.8° step angle, 200 steps/rev) controlled the ten-
sion of a 0.4mm diameter nylon tendon (200mm length),
wrapped around a 10 mm diameter pulley.

A first motion analysis was performed on a stand-alone finger
(index) to evaluate the range of motions enabled by the proposed
design. Three pulling magnitudes were evaluated, namely low,
medium, and high, characterized respectively by 100, 300, and
600 steps. The three different pulling magnitudes, resulting in
an estimated force of 5N, 15N, and 30 N (assuming a propor-
tional torque distribution with the number of steps), are repre-
sented in Figure 5A by three different sizes of triangles.

As shown in Figure 5A, several bioinspired motions of the fin-
gers can be achieved as a combination of the activated tendon and
pulling magnitude, thereby resulting in a wide range of motions
resembling the human counterpart. In particular, several values
of bending angle of the tip (calculated with respect to the finger
central axis) are achieved, spanning from a minimum of 5.8° to a
maximum of 90°.

Adv. Intell. Syst. 2025, 2500470 2500470 (8 of 15)

Motion repeatability was evaluated for a total of six configura-
tions (every configuration is based on the activation of specific ten-
dons at specific activation magnitude values; each configuration
was repeated 30 times with 2 s rest intervals between activations).
The fingertip positions in 2D space for each configuration are
shown in Figure 5B, demonstrating a low standard deviation
(always lower than 7 mm in both x- and y-axis, see Section S6,
Supporting Information), confirming finger robustness, constant
kinematics, and suitability for repetitive movements.

The proposed one-shot 3D-printed hand is characterized by a
feature often overlooked in 3D-printed inexpensive hands, but
beneficial for grasping and prosthetic applications: the opposable
thumb. As shown in Figure 5C, when activated, the thumb exhib-
its a behavior close to the human counterpart in terms of oppos-
ability (see Movie S5, Supporting Information). Figure 5C
demonstrates that, depending on the pulling magnitude and
the activated tendons, the thumb can move across the palm, emu-
lating natural motions. A total of six configurations (defined by
the pulling magnitude: steps ranging from 50 up to 400) were
analyzed and repeated a total of 30 times, resulting in high
repeatability as the standard deviation is always lower than
0.42cm in both x- and y-axis (see Section S6, Supporting
Information). Furthermore, the Kapandji test was performed
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Figure 5. 3D-printed finger and hand: A) Several human-like motions exhibited by the proposed 3D printed finger, based on the activated tendons and pulling
magnitude; B) index finger repeatability test: every motion configuration (six in total) was repeated 30 times with intervals of 2 s between two consecutive
activations; C) repeatability test for the opposable thumb moving across the palm; D) Kapanijii test showing the thumb fingers opposability; E) Kapanijii test:
score 7, 8, 9, and 10; F) blocking force of index, middle, ring, and little finger activated under specific conditions (pulling magnitude); G) abduction of the
proposed hand; H) several bioinspired motions, and |) comparison among commonly used artificial muscles in terms of stress, strain, and power density.
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by consecutively opposing the thumb to the other four fingers
(see Figure 5D): the thumb tip—finger tip contact was evaluated.
After defining the correct step setting for every configuration, the
opposability was evaluated by simultaneously activating the
thumb and one other finger per time (from index to little finger)
for a total of 30 consecutive time, resulting in a tip opposition
(contact between the tips of the thumb and the finger) success rate
of the 100% for all the four configurations. Beyond thumb-finger
opposability, the Kapandji tests highlighted the full potential of the
proposed hand design. As illustrated in Figure 5E, a score of 10
(the highest possible) was achieved. Specifically, the thumb was
successively opposed to the following points on the little finger:
the distal interphalangeal (DIP) joint (score 7), the proximal
interphalangeal (PIP) joint (score 8), the metacarpophalangeal
joint (score 9), and the distal palmar crease (score 10).

Future tests will focus on the complete characterization of
thumb behavior, replicating several human behaviors beyond
pure opposability, such as rotation (circumduction).

The tip force of the index, middle, ring, and little fingers
was characterized under specific conditions. For each finger,
a unique movement configuration, defined by the combination
of pulled tendons and pulling magnitude (motor torque),
was analyzed, as illustrated in Figure 5F. It should be noted that
during the force test, only one finger at a time was activated.
Each movement configuration was arbitrarily chosen, and
the corresponding finger movement was repeated 30 times.
As shown in Figure 5F, the higher blocking force was achieved
with the middle finger (6.5 N), while the lower was with the
little finger (2.7N), as expected. Moreover, the standard
deviation of the measured forces was lower than 0.6 N for all

Power

www.advintellsyst.com

values of force, demonstrating the robustness of the proposed
hand design.

Details of the experimental setup for measuring the tip force
are provided in Section S7, Supporting Information.

In addition, the MRI-guided framework enables the replica-
tion of human soft joints, including both the volar plate and col-
lateral ligaments: key anatomical features that allow lateral
finger abduction. This movement is crucial in human hand
function, as it enhances the ability to grasp and manipulate
objects of varying shapes and sizes. During the fabrication pro-
cess, the dorsal interosseous tendons were embedded on the
dorsal side of both the index and little fingers, along with the
other tendons, illustrated in Figure 5A. Upon activation, finger
abduction was successfully achieved, as shown in Figure 5G.
Specifically, the central axis of the index finger translated by
24 mm, while that of the little finger translated by 38 mm, fol-
lowing a tendon actuation of 500 steps. The overall hand span,
measured from the tip of the index finger to the tip of the little
finger, increased from 62 mm at rest to 126 mm upon activating
the dorsal interosseous tendons of both fingers. This behavior,
made possible by the MRI-guided CAD design process, closely
mimics the human hand’s natural ability to increase its span via
finger abduction, which is commonly employed for grasping
large or irregularly shaped objects. In addition, as shown in
Figure 5G, hand adduction is also successfully achieved, with
a42.8% reduction in hand span when the index and little fingers
are activated. Figure 5H and Movie S1, Supporting Information,
demonstrate a series of “natural” movements, including partial
and full hand closure, as well as everyday gestures involving the
simultaneous closure or semiclosure of selected fingers while

Intermediate Precision

Palm Pad

Side Pad Side

Rest position

Thumb Abducted

Thumb Adducted

Figure 6. Feix test: Three types of grasps (power, intermediate, and precision), combining two thumb positions and three types of oppositions. A total of

12 objects were tested for a total of 15 grasping tasks.
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keeping others inactive. This enables a wide range of move-
ments used not only for grasping but also for expressive and
communicative purposes.

The authors prioritized a novel desktop fabrication approach,
guided by MRI data, over actuation technologies. Although not
optimal, common stepper motors were used to facilitate a prelim-
inary yet meaningful characterization of the device’s perfor-
mance. However, future works will focus on the integration of
more appropriate artificial muscles. Figure 5I shows a compari-
son between commonly used actuation systems, in terms of
stress, strain, and power density.

In addition to evaluating the grasping capabilities of the pro-
posed 3D-printed hand, a simplified version of the test proposed
by Feix!*”! was conducted. Three types of grasps, classified as
power, intermediate, and precision, were performed by combin-
ing two thumb positions (adducted and abducted) with three
types of oppositions (palm, side, and pad) necessary to securely
hold various objects. A total of 12 different objects were grasped,
including flat items (e.g., paper, credit card), squeezable items
(e.g., basketball), and small objects (e.g., brush, tweezer), for a
total of 15 distinct grasping tasks. To increase the contact area
during grasping, the hand was fitted with a transparent universal
glove. Figure 6 illustrates all the grasping modalities tested, dem-
onstrating that the proposed hand is capable of grasping objects
of various shapes and sizes and can perform a wide range of
grasps, from pure power grasps to precise two-finger grips.
Additionally, the maximum weight the hand could successfully
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grasp using a power grasp was evaluated. A 100% success rate
(15 repetitions) was achieved when grasping objects weighing 0.5
and 1kg (e.g., a bottle and a disk). When the weight increased to
1.5 kg, the success rate decreased to 86%, and for 2 kg objects, it
further declined to 50%. These results suggest that the proposed
3D-printed hand can effectively grasp objects weighing up to 1.5
2kg. Future work will focus on improving its ability to grasp
heavier objects by incorporating features, such as artificial skin.
Additionally, tendon sheaths will be incorporated into future
designs, either by directly fabricating smooth sheaths over the
fingers and the palm, or incorporating external elements
(i-e., silicone cylinders) leveraging the stop-and-go methods.
To further demonstrate the potential of the proposed digital
fabrication framework, the finger was equipped with two 3D-
printed sensors, both fabricated monolithically using the same
3D printing machine described above (JG Maker Artist D Pro,
JG Maker, China). Details about sensor fabrication can be found
in the Experimental Section. As illustrated in Figure 7, two types
of sensors were fabricated: a piezoresistive sensor for propriocep-
tion and a capacitive sensor for exteroception. The piezoresistive
sensor was characterized by varying the finger’s bending angle;
the greater the bending, the higher the resistance change, with a
sensitivity of 4.4 Q/degree. The piezoresistive sensor was tested
by performing a total of 10 consecutive bending cycles for every
bending configuration (a total of five different configurations) at
a frequency of 1Hz. The capacitive sensor consisted of three
main components, as shown in Figure 7A: two electrodes made
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of conductive TPU, a compressible separator based on a 20%
density gyroid structure (TPU 75 A), and two insulating layers
(TPU 75 A) to shield the electrodes from the external environ-
ment. This capacitive sensor was tested by subjecting the finger
to impacts against various objects, simulating real-world object-
approaching and grasping scenarios. As shown in Figure 7X, the
sensor exhibited varying changes in capacitance depending on
the object, due to the compression of the separator layer, which
altered the distance between the electrodes. These changes in
capacitance were influenced by several factors, including the
object’s surface characteristics and the nature of the impact.

Overall, these results demonstrate that the proposed fabrica-
tion approach can effectively integrate sensing capabilities into
the musculoskeletal system. Future work will aim to optimize
sensor placement within the finger or hand to enhance output
and performance. This advancement paves the way for closed-
loop control strategies, where sensors and actuators work in tan-
dem to enable precise and controllable movements.

3. Discussion and Conclusions

In the present research, a framework for one-shot desktop 3D
printing human-like hands with enhanced biomimicry is
presented. The proposed method offers a unique approach
compared to existing scientific literature by enabling the
assembly-free and cost-effective (3D printer setup costs =€ 500)
desktop 3D printing of highly biomimetic hands. In contrast,
achieving high biomimicry in current research typically requires
either expensive 3D printing methods, such as MJ or multiple
assembly steps. Moreover, while some monolithic 3D printing
approaches have been explored, they are associated with high
costs due to M]J systems (>€ 10000) or result in designs with
very low levels of biomimicry. Additionally, the proposed
approach is MRI-guided: MRI data has been processed to create
CAD models of human hands, including key components (i.e.,
volar plate and collateral ligaments) tailored to the specifics of the
patient. An adhesion-centered metric was used to select the soft
and rigid materials for joints and bones, in conjunction with a
gradient generation technique to create a bioinspired soft-stiff
transition at the interface. Additionally, the finger was engi-
neered with an embedded 3D interlocking, unlocked by multi-
MEX 3D printing, increasing the adhesion at the soft-stiff inter-
face by 293% (compared to plain interfaces). The proposed hand
is equipped with two key biological features often overlooked in
robotic hands: the volar plate and collateral ligaments. Such ele-
ments not only increase the biomimetic degree of the hand but are
also responsible for enhancing the functionalities of every single
finger, resembling human counterparts. In particular, the volar
plate ensures proper bending of the finger only in the dorsal direc-
tion, acting as a constraint on the palmar side to prevent abnormal
hyperextension. This behavior is reflected in two distinct values of
stiffness of the proposed finger: dorsal and palmar stiffness of 68.5
and 114.9 N m™" were obtained. The collateral ligament enhances
joint stability by absorbing stress from radial forces, preventing
sideways motion during bending. These biomimetic features,
combined with the high geometrical fidelity of the 3D-printed
hand, enable a wide range of human-like behaviors. These capa-
bilities include multiple bending angles of each finger, hand
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abduction that nearly doubles the hand span, hand adduction
reducing the hand span of 42%, and an opposable thumb that
moves across the palm to interact with all four fingers (thumb
tip to fingertip contact), scoring a maximum of 10 out of 10 when
performing Kapanjii test. The hand also exhibits highly repeatable
motion patterns. Grasping performance was evaluated, demon-
strating the ability to perform power, intermediate, and precision
grasps using different thumb configurations (abducted and
adducted) and opposition types (palm, side, and pad), mimicking
the versatility of the human hand.

Further studies will focus on improving the actuation of the
hand, in terms of a biomimetic approach: as the main focus of
this article is providing a new fabrication paradigm, commercial
stepper motors have been used. Artificial muscles, due to their
compatibility with the proposed manufacturing method,*! and
to some intrinsic features such as stiffness, free strain, blocking
stress, actuation frequency, and power usage, are ideal for
replacing stepper motors. We have explored high-performance
artificial muscles that have a power density in the range of
10°-10” Jm >*? such as twisted and coiled polymer (TCP)
muscles!** and SMA!”*! incorporated in robotic and orthotic
hands with few joints’ degree of freedom. The usage of nanoma-
terials-coated TCP muscles has also been proven to increase the
power efficiency.**! All these novel actuation technologies will be
studied and integrated into the proposed hand in future work.

Additionally, the authors demonstrated the feasibility of
directly 3D printing both piezoresistive and capacitive sensors,
without requiring manual assembly, to equip the finger with pro-
prioceptive and exteroceptive sensing capabilities. These low-cost
sensors pave the way for closed-loop control strategies, as they
can operate in tandem with actuators to dynamically achieve tar-
geted outputs. To further improve biomimicry (and functional-
ity), future works will focus on integrating functional elements,
such as tendon sheaths and artificial skin.

The capabilities demonstrated by the proposed 3D-printed
hand are a direct result of the MRI-guided design process, which
facilitated the integration of critical anatomical elements. This
approach is envisioned to be applied to the 3D printing of pros-
thetic and humanoid hands tailored to patient-specific require-
ments. The proposed MRI-to-3D-print framework integrates
anatomical fidelity, functional architecture, and manufacturabil-
ity into a streamlined, semiautomated process, marking a
significant advancement toward intelligent digital fabrication
of musculoskeletal systems characterized by improved perfor-
mance as a direct consequence of the proposed 1) soft-stiff
adhesion strategy, 2) MRI-guided inclusion of overlooked func-
tional elements, and 3) possibility to process dissimilar materials
in the same print.

Moreover, this method has the potential to serve as a foundation
for the broader adoption of the “scan-and-print” technique, extend-
ing beyond hands to other parts of the musculoskeletal system. By
leveraging this approach, various soft-stiff systems could be
scanned and stored as MRI data, creating digital twins (CAD mod-
els) that can be utilized on demand. The proposed framework aims
at enhancing prosthetics by enabling extreme personalization and
ensuring optimal anatomical and functional compatibility.
Integrating scan data into personal digital twins will allow contin-
uous updates with new medical information, enabling prosthetics
to adapt seamlessly to changes such as growth, muscle atrophy, or
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other health conditions. Additionally, increased production effi-
ciency and reduced postoperative complications promise substan-
tial long-term cost savings for healthcare systems and patients.

4. Experimental Section

From MRI to CAD Design: The open-access hand-focused MRI dataset
provided by the University of Southern California (USC) served as the
source for the MRI data used in this study (Acknowledgment section).
Specifically, Subject 03 (male, 183 cm tall, 89 kg) was selected to create
the hand model. The dataset includes 12 distinct hand poses, with 304
images per pose, each characterized by a slice thickness of 1 mm and
an overlap of 0.5mm (detailed scanning parameters are available on
the dataset website). The MRI data were processed using the open-source
3D Slicer 5.6.2 software with semiautomatic thresholding and manual cor-
rections, which allowed for balancing automation with precision in captur-
ing small-scale features. Noise was reduced using filtering techniques,
followed by both manual and semiautomated segmentation to assign dis-
tinct labels to each region of interest. Nonetheless, due to limitations in
MRI resolution, some degree of simplification was necessary. For
instance, extremely thin ligaments and some complex joint surface tex-
tures were either slightly smoothed or thickened in the CAD model to
ensure they could be 3D printed. A 3D mesh model was then recon-
structed, generating an OB] file. This triangular mesh model was further
refined in the open-source MeshLab software, where the mesh was edited,
reconstructed, and healed to ensure continuity and smoothness.
Subsequently, the model was imported into Fusion 360 (Autodesk,
USA) and converted into a T-spline model. At this stage, the CAD design
was engineered by 1) adding 3D-embedded interlocking mechanisms at
the interface between joints and bones, 2) creating slots into the bones
where embed the tendons, and 3) performing Design for (DfAM) by con-
sidering all the constraints of the multi-MEX 3D printer used throughout
the present research, such as 3D printer resolution. The total price of the
device and material consumption (for every finger) is detailed in Section
ST, Supporting Information; however, the final hand is composed of a total
of 29 parts, 3D printed in one shot. This workflow ensured that the result-
ing CAD design accurately replicated the anatomical structure while being
optimized for fabrication.

Multimaterial 3D Printing: A commercial-grade multi-MEX 3D printer
()G Maker Artist D Pro, JG Maker, China) was employed. The
Ultimaker Cura 5.9 slicing software was employed to set process param-
eters and generate G-code files. Throughout the whole research, a layer
height of 0.1 mm was set, in conjunction with a nozzle size of 0.4 mm
for high-resolution features. Smaller nozzles (e.g., 0.25 mm) were avoided
due to compatibility issues with the soft material, which posed a high risk
of clogging. The primary process parameters for each material are detailed
in Section S2, Supporting Information. The start-and-stop method!“¢=%!
was used to embed nylon fishing cords (diameter of 0.4 mm) acting as
tendons, in every finger by dynamically (and automatically) pausing the
3D printing process and resuming it. A printing orientation minimizing
the usage of the support was selected to enhance efficiency (Section
S2, Supporting Information). After the 3D printing process, the only man-
ual task required was the removal of supports. Notably, the use of hydro-
soluble supports could further streamline the process if an MEX setup
capable of extruding at least three materials were used,””! thereby elimi-
nating human intervention entirely.

Gradient Generation Technique: The proposed gradient generation
method aims to create a soft—stiff material transition at the interface solely
by leveraging the capabilities of a 3D printing machine, without requiring
any hardware modifications. This technique involves two sequential steps
in each printed layer: 1) extruding soft material over the already extruded
stiff material to form an overlap and 2) ironing the gradient zone with the
hot nozzle to enhance adhesion, as demonstrated in refs. [33,50]. The
layer-by-layer process follows these steps: 1) first, the rigid material
was extruded; 2) next, the soft material was deposited, forming a plain
soft—stiff interface; 3) at the interface, an additional 0.4 mm-wide line
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of soft material was extruded, overlapping the stiff material by 0.2 mm,
through.gcode modification; 4) after creating this overlap region (volume
of 5.92 mm®), the ironing process is performed by passing the hot nozzle
in a zig-zag pattern over the overlap area without extruding material; and
5) ironing reheats the already extruded material while applying pressure,
flattening the overlap, increasing wetting area and mixing the two materi-
als. In this way, the soft material diffuses into the rigid one by creating a
strain gradient. This process is repeated after every layer. Through a
trial-and-error approach, various ironing distances (gap between the noz-
zle tip and the ironing area) were tested. The highest adhesion improve-
ment (+38.7%) was achieved when the nozzle was lowered by 0.1 mm
into the graded region. A low ironing speed of 5mm s~ was used to
ensure uniform ironing. Both ironing parameters and interface overlap
extrusions were incorporated by modifying the .gcode file.

Adbhesion at the Soft-Stiff Interface: To evaluate the interface adhesion
between soft and stiff materials, the ASTM D638 standard was followed.
Specifically, Type IV samples were 3D printed, with the sample divided
longitudinally: half composed of stiff material and the other half of soft
material. A traverse speed of 5 mm min~' was employed during testing.

For each material combination, three repetitions were fabricated and
tested to account for variability. The testing was conducted using a uni-
versal testing machine (INSTRON 34TM10, Instron, USA) equipped with a
100 N load cell with a resolution of 0.1 N. The UTS, the maximum strength
observed during the tensile test, was adopted as the adhesion metrics,
consistent with scientific literature.'>%

The same universal testing machine was employed to perform low-
frequency fatigue tests under both tensile and flexural loading. The cyclic
tensile test was conducted at a frequency of 0.5 Hz using Type IV speci-
mens in accordance with ASTM D638. The machine was programmed to
impose a 20% tensile strain in each cycle, for a total of 10 000 cycles. The
cyclic flexural test was also carried out at 0.5 Hz, using a three-point bend-
ing configuration following the ASTM D790 standard. The test specimen
consisted of a rigid segment and a soft segment, with the soft—stiff inter-
face positioned at the mid-span. A maximum flexural strain of 20% was
applied per cycle, for a total of 10000 cycles.

Testing Volar Plate and Collateral Ligament Effect: A universal testing
machine (INSTRON 34TM10, Instron, USA) was used to test the effect
of the volar plate on the finger displacement. A 3D-printed custom-made
holder (reproducing in negative the metacarpus geometry) was employed
to secure the finger while applying force. Three tests for configurations
were performed: in the first configuration, the force was applied on the
dorsal side, in the second configuration, the finger was flipped, and the
force was applied on the palmar side (see Figure 4). The force was applied
by means of a metallic indenter, used for 3- and 4-point bending testing. It
should be noted that the force was locally applied as depicted in Figure 4A,
B. A traverse speed of 5mmmin~' was set. The testing machine was
equipped with a 100 N load cell. A Canon EOS 4000D camera (Canon,
Japan) was positioned in front of the sample, aligned parallelly to the fin-
ger, to record the test. A red marker on the tip of the finger was used to
ease displacement tracking. The displacement was automatically analyzed
using the Tracker software (OSP — Open Source Physics, USA). The same
workflow was applied to test the collateral ligament, with the key difference
being the force application point. For this test, force was applied to the
radial side rather than the dorsal or palmar side.

Actuation of the Finger/hand, Blocking Force, and Grasping: As previously
introduced, nylon tendons (0.4 mm diameter) were manually embedded
during the 3D printing process (start-and-stop approach). Each finger
(except the thumb) was equipped with four tendons: three flexor tendons
on the dorsal side near the three joints, and one extensor tendon on the
palmar side near the middle phalanx, mimicking the human anatomy.
These tendons were connected to NEMA 17 stepper motors, controlled
via Arduino (see Section S5, Supporting Information).

The primary setup for measuring blocking force utilized a commercial
force sensor and an Arduino board (details in Section S7, Supporting
Information).

D Printing Sensors: The finger was equipped with two sensors: a piezor-
esistive and a capacitive sensor, providing proprioception and exteroception,
respectively. Both sensors were fabricated by 3D printing a commercially
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available electrically conductive TPU (Ninjatek Eel, Ninjatek, USA). Although
the 3D printer used in this study featured only two print heads, a custom
G-code modification enabled the deposition of three distinct materials (rigid,
soft, and electrically conductive) within a single print. This was achieved by
dynamically unloading one material and loading the next, as instructed via the
G-code. To prevent cross-contamination, 100 mm of the new material were
extruded in free air (at the left corner of the print bed), following each mate-
rial switch to fully purge the nozzle. While the extrusion of three materials
with a dual-head setup proved feasible, it was both time- and material-
intensive. This limitation could be effectively addressed by employing a mul-
tihead printer with a tool-changing architecture, such as those offered by
Prusa Research, Czech Republic, which remain inexpensive (under €5,000).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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