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Post-Processing Strengthened 3D Atrtificial Fingertip with
Multi-Intensity Pain Perception

Huijing Li,* Felix Thasan, Tongtong Cui, Raihan Alfaridzi, Andreas Stihl,
Felix H. Schacher, and Patrick Théato*

Artificial electric skin with multi-intensity pain-evaluating capabilities offers
promising opportunities for the construction of friendly human-robot
interaction. However, realizing a stepwise sensing system generally requires
lateral integration of diverse materials, which is prone to delamination and
thus operation failure. Here, a fully soft, monolithic hydrogel-based artificial
fingertip (HBAF), fabricated via digital light processing (DLP) 3D printing,
enabling robotic fingertips to distinguish objects in varying sizes is proposed.
To enhance the mechanical and conductive properties of a printed hydrogel, a
two-step post-processing method is developed to introduce a secondary
functional network into a high-resolution soft model. This modification can
increase stretchability by three-fold and conductivity by 1.78-fold compared to
the original printed hydrogel. Notably, the integration challenge between the
hydrogel-based sensor and the robotic body part is addressed by growing a
polydopamine gel layer at the interface of the 3D model’s base to enhance

The hairless skin of the hand con-
tains a high density of tactile afferents,
which generate distinct neural impulses
upon object interaction, enabling the
evaluation of physical properties and
contact dynamics.'* Individuals with
impaired tactile sensitivity struggle
with these tasks due to insufficient
mechanical feedback, hindering the
brain’s ability to plan and control ob-
ject manipulation. Inspired by human
biomechanics, humanoid robotics and
prosthetic limbs aim to replicate similar
movements or assist in daily tasks. How-
ever, robotic hands face significant chal-
lenges in grasping delicate or deformable
objects, as they lack the soft, compliant

contact. Furthermore, the HBAF’s size parameters can be programmed to
achieve distinct pain thresholds, demonstrating its potential for personalized
bionic sensors in artificial limbs and enhancing safety in collaborative

robotics.

1. Introduction

The human hand is one of the most essential organs for in-
teracting with our environment and performing daily activi-
ties, such as playing the piano, writing, or gripping objects.

structure of human skin and muscle.l!
While visual feedback provides indirect
information about interactions, proprio-
ception alone offers limited sensitivity to
fingertip-level mechanical events. Thus,
integrating a suitable tactile sensing
system into robotic fingertips is critical
for closed-loop control. Among key tactile cues, pain per-
ception plays a vital role in self-protection by triggering
avoidance behaviors and regulating contact forces.®! For
prosthetic users, an artificial hand with pain-like feedback
could enhance both functional utility and psychological
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Figure 1. Schematic diagram of a hydrogel-based artificial fingertip (HBAF). A) Human skin contains mechanoreceptors distributed across epidermal
and dermal layers that exhibit graded activation under increasing mechanical stimuli. B) Mimicking the three-layer architecture of human skin, the
HBAF incorporates a stratified sensing structure. Upon contact with objects of varying radius, interlayer short-circuiting occurs through overlapping
conductive pathways. This enables two orders of pain classification based on signal burst. C) The monolithic HBAF is fabricated via digital light processing
(DLP) printing, which photopolymerizes monomeric ink into precise hydrogel structures while maintaining structural integrity. D) After two-step post-
processing i), the relative hard gel model becomes stretchable ii). i) A polydopamine (PDA) adhesive layer is subsequently grown at the base to facilitate

robust robotic integration.

embodiment, bridging the gap between synthetic and biological
limbs.

Recent approaches to mimicking pain perception can be cat-
egorized into two primary strategies: threshold controll®!3] and
multi-channel monitoring.>! In threshold control systems, a pre-
defined “pain threshold” is established. When sensor signals
(e.g., resistance,l®81011] capacitancel®1?)) exceed this threshold,
the control system interprets them as pain and initiates appro-
priate responses. Yu et al.’! implemented this concept using a
delayered E-skin with transistor-based circuitry, where transistor
activation was governed by the magnitude of the current. While
this threshold-based control system offers straightforward imple-
mentation, its binary (on/off) operational modality significantly
limits functional versatility in pain response modulation. Zhou
et al.l% advanced this approach by developing a suspended lay-
ered structure with closed-loop control, achieving enhanced tac-
tile sensing accuracy and diverse programmable responses. How-
ever, this system compromises flexibility and softness due to its
rigid plastic frameworks. Additionally, the material mismatch be-
tween rigid structural components and soft sensing layers intro-
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duces potential delamination risks under mechanical loading. Al-
ternatively, multi-channel monitoring systems more closely repli-
cate the biological organization of human glabrous skin. The
human hand integrates four functionally distinct tactile afferent
types: FA-I (fast-adapting type I) and SA-I (slow-adapting type I)
receptors terminate superficially in the epidermal layer, respond-
ing to sustained deformation, while FA-II and SA-II receptors
located deeper in the dermis detect low-frequency vibrations and
static forces (Figure 1A).*1%] These receptors generate charac-
teristic impulse patterns in response to mechanical stimuli. In-
spired by this architecture, Osborn et al.®’! developed an over-
lapping piezoresistive sensor array where high-pressure stimuli
activate deeper embedded sensor layers, enabling simultaneous
multi-channel signal analysis. While biologically plausible, this
approach presents significant challenges in data processing com-
plexity and structural integrity maintenance due to its multilayer
configuration.

A stepwise sensing mechanism is crucial for accurate pain per-
ception in artificial tactile systems. While human skin achieves
stable, multi-threshold sensing with its multi-layer structure,
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conventional artificial approaches relying on multi-material inte-
gration face challenges in structural stability and fabrication com-
plexity. Here, we developed a monolithic hydrogel-based artifi-
cial fingertip (HBAF) with integrated multi-intensity pain percep-
tion, featuring a stable 3D three-layer structure (Figure 1A). The
HBAF exhibits graded nociceptive responses: under the same
gripping force, when contacting a flat surface, a relative low pres-
sure only activates the first layer, producing an increasing re-
sistance signal (Figure 1Bi). Under concentrated pressure from
sharper objects (smaller radius at constant force), subsequent
layer contacts trigger abrupt resistance drops corresponding to
distinct pain intensities (Figure 1Bii). Such a multi-threshold re-
sponse enables quantitative danger assessment, showing great
potential to allow robotic systems to dynamically adjust interac-
tions based on stimulus.

Achieving accurate pressure-dependent sensing requires pre-
cise control of the HBAF’s mechanical properties, which trans-
lates into challenges in fabrication. During the digital light
processing (DLP), the photocurable resin should be rapidly
cured (<30 s), resulting in relatively high stiffness to prevent
vertical deformation during the bottom-up printing process
(Figure 1C)."*%1 Consequently, while as-printed 3D structures
exhibit high spatial resolution (Figure 1Di), they typically demon-
strate limited stretchability. To address this limitation, we de-
veloped a two-step post-processing method comprising freeze-
drying followed by thermal annealing. This approach introduces
a secondary elastomeric network within a 3D printed hydrogel
matrix (Figure 1D ii), enhancing stretchability while preserving
structural fidelity. Another critical challenge emerged during sys-
tem integration: the hydrophilic HBAF’s incompatibility with
conventional hydrophobic robotic components (metallic/ plas-
tic interface). We addressed this interfacial mismatch by grow-
ing a bioinspired polydopamine (PDA) adhesive layer!?’] at the
HBAF’s base through in situ polymerization. The soft adhesive
layer shows a huge possibility for combining HBAF on various
robotic components with uneven surfaces. This fabrication of a
fully soft stepwise pain sensor is highly programmable in terms
of the pain threshold and safe factor, shows great promise in
building a friendly human-robotic interface, and robotics with a
humanoid reacting system.

2. Result and Discussion

2.1. Fabrication and Mechanical Properties

The two-step post-processing method for the hydrogel in HBAF
is summarized in Figure 2A. Here, the hydrogel ink consists
of acrylic acid (AAc) as the monomer, with sodium hydroxide
(NaOH) added to saturate the free acrylic acid anions and sup-
press swelling of the printed layer during DLP printing. N,N’-
Methylenebisacrylamide (Bis) serves as the chemical crosslinker
(Figure 2Ai). A water-soluble derivative of 2,4,6-trimethylbenzoyl-
diphenylphosphine oxide (TPO) was prepared and used as the
initiator (TPO-Li) (Figure S1, Supporting Information).?’->*! To
determine optimal printing conditions, we employed Jacob’s
working curve analysis.[?*2¢] This established DLP characteriza-
tion method plots curing energy against cure depth on semi-log
axes, revealing the ink’s photopolymerization behavior at varying
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light intensities. The model’s derivation assumes Beer—Lambert
light absorption and is mathematically described by:

C,= Dpln<E£> (1)

where C, is the depth of cure at a given exposure intensity E,
D, is the penetration depth of the ink at the given wavelength
(365 nm), and E, is the critical exposure to start the polymer-
ization or gelation. The measured curing depth as a function
of exposure energy showed excellent correlation with the work-
ing curve model (Figure 2B), demonstrating the ink’s effective
curing characteristics. The printed hydrogel (G-PAAc) featured
a high resolution (Figure S2, Supporting Information). To in-
troduce the second functional network, the G-PAAc was first
lyophilized to obtain a freeze-dried foam. Then the amphiphilic
polymeric network, poly[(2-methacryloyloxy)ethyl trimethylam-
monium chloride] (PMETAC), formed inside the hydrogel after
swelling and UV curing. Energy-dispersive X-ray (EDX) spec-
troscopy was employed to analyze and spatially resolve nitrogen
distribution patterns in the hydrogel samples both before and
after PMETAC incorporation (Figure S3, Supporting Informa-
tion). The obtained results confirmed that the nitrogen content
increased significantly after UV curing, indicative for a successful
PMETAC network formation. As shown in the SEM-EDX map-
ping image (Figure 2Ci), the N atoms from PMETAC are ho-
mogeneously dispersed inside the hydrogel, indicating that the
PMETAC network is formed evenly throughout the sample. As
shown in Figure 2Aii, the hydrophobic polyester clusters (yellow
regions) formed within the hydrated hydrogel matrix, which can
be clearly distinguished by scattered shadows in the atomic force
microscopy (AFM) phase image (Figure 2Cii) of a hydrogel sam-
ple and transmission electron microscopy (TEM) image from a
dried sample (Figure S4, Supporting Information). Furthermore,
differential scanning calorimetry (DSC) studies (Figure S5, Sup-
porting Information) eliminated the existence of crystallization
in the resulting hydrogel samples.

To further regulate the mechanical and conductive properties
of the resulting hydrogel, thermal annealing processing was con-
ducted according to the specific surface area, the detailed defini-
tion can be seen in Supporting Information. Under the same an-
nealing temperature, the amount of water evaporation is propor-
tional to the specific surface area of the model. Thus, to keep the
evaporated water volume constant, the annealing time (T) must
be proportional to the specific surface area (SSA),

T=SSA X T, 2)

where T refers to the annealing time with unit of minute (min),
SSA means the specific surface area of the model with unit of
m~!, T, . means unit annealing time with unit of minem. Here,
the unit annealing time is 5.21, 10.42, 15.63, and 20.84 minem ,
with corresponding annealing temperature being 60 °C (Table
S1, Supporting Information). The hydrogel samples are named
G-0, G-5.21, G-10.42, G-15.63, and G-20.84, respectively. With de-
creasing water content (Figure 2D), the polymeric network be-
came denser. Thus, the mechanical strength of the hydrogel and
its water content are typically inversely correlated.?’] As seen in
Figure 2E, the toughness increased with longer heating time.
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Figure 2. The fabrication and mechanical properties of the DLP-printed hydrogel. A) schematic diagram of two-step post-processing method. B) Jacob’s
working curves of PAAc inks. C) After the swelling and UV-curing processing, the introduction of a second network was confirmed through the SEM-EDX
mapping image of N i), and the AFM phase image ii) for the proof of phase separation inside PMETAC. D) After thermal annealing, the water content
inside the hydrogel sample changed. E) True stress—strain curves of the hydrogel samples after different annealing times, and the digital pictures of
G-20.42 during stretching. F) True stress—strain curves of G-10.42 at different loading rates. G) Cyclic true stress—strain curves of G-10.42 at a strain of
100% for 11 cycles. H) Compression test of hydrogel samples after a series of annealing times and the digital pictures of G-10.42 during stretching.
1) Compression tests of G-10.42 at different loading rates. |) Cyclic compression stress—strain curves of G-10.42 at 50% compression strain.

However, the uniaxial stretchability first improved from 81.79%
(G-0) to 237.29% (G-10.42) and then decreased to 184.62% (G-
20.84). This behavior resulted from the synergistic effect of net-
work density and the elasticity of hydrophobic clusters. Under
applied force, the hydrophobic clusters extended, and when the
force was released, the extended chains promptly refolded back
into their initial clusters in the water environment, contribut-
ing to hyperelasticity.?8! However, too high-density networks can
hinder the movement of hydrophobic clusters. Furthermore, G-
10.42 showed weak strain-rate dependence and fully recovered
from 100% strain to its initial state within seconds, displaying
excellent reversibility (Figure 2F,G). The compressibility was also
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excellent, with weak compression-rate dependence (Figure 2H,I)
and superb cyclic performance (Figure 2J).

2.2. Electric and Sensing Performance

The incorporation of PMETAC network substantially improved
ionic conductivity through increased free ion concentration, ele-
vating ionic conductivity from 0.09 S m~! (G-PAAc) t0 0.15 Sm™!
(G-5.21) and peaking at 0.16 S m~! (G-10.42). Beyond this point,
the high-density double network impeded ion transport, reduc-
ing ionic conductivity to 0.1 S m~! (G-20.84) (Figure 3A).
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Figure 3. A) Conductivities of double network hydrogel (DNG) samples before and after different annealing times. B) Sensing performance of G-10.42
under series strain. C) Gauge factor of G-10.42 with segmented strain regions. D) Schematic diagram and photo of HBAF. E) State changes of the
suspended G-10.42 layer during mechanical loading and unloading and the corresponding relative resistance changes.

G-10.42 demonstrated the ideal combination of stretchability
(237.29%) and ionic conductivity (0.16 S m~!), making it the opti-
mal choice for HBAF development. Systematic deformation test-
ing confirmed its reliable sensing performance in the artificial
fingertip application. The sensing signals were produced under
different strains, testing as the normalized electrical resistance
change (AR/R,),

AR _ R—R,
RO RO

G)

where R refers to the real-time resistance and R, means the initial
resistance of G-10.42 at the relaxed state. Meanwhile, the tensile
strain (¢) was calculated as,

1) Y

(Lo)

where L and L, refer to the SDG length at the tensile state and
the relaxed state, respectively.

As shown in Figure 3B and G-10.42 exhibited reversible and
stable relative resistance changes across a broad strain range (e:
10%-100%). To quantify sensitivity, the gauge factor (GF) was
calculated as the ratio of relative resistance change (AR/R;) to
applied tensile strain (¢). In air, G-10.42 demonstrated a GF of
0.18 + 0.01 (Figure 3C).

HBAF was designed as shown in Figure 3D. To optimize the
suspended structure effectively, HBAF was designed with sens-
ing layers within a porous lattice architecture. The different sur-
face structure in the vertical and lateral surfaces guaranteed that
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the main deformation occurred on the lateral sensing layers
rather than the vertical skeleton (Figure S6, Supporting Informa-
tion). To simulate the deformation behavior of the sensing layer
in HBAF under compression, we tested a suspended G-10.42 film
under stepwise pressing (Figure 3E). The sensor reliably tracked
each deformation with high precision, maintaining a stable sig-
nal platform (Figure 3E; Figure S7, Supporting Information). The
sensing response time of 1.67 s (Figure S8, Supporting Informa-
tion) originates from elastic hysteresis, as the polymeric network
requires this time to adapt to deformation. Because the signal
here was produced under different strains, testing as the nor-
malized sheet resistance change, the pressing point had no sig-
nificant influence on the signal strengthening (Figure S9, Sup-
porting Information). These results confirmed that the G-10.42
layer provided accurate, real-time strain monitoring with excel-
lent signal fidelity, making it ideal for dynamic motion detection
in HBAF.

2.3. Interface Growth of Adhesive Layer

During the application of HBAF with robotic components, an-
other essential prerequisite is the stable integration between
HBAF and robotic elements. Here, a layer of PDA gel was grown
under the HBAF. Figure 4A shows the mechanism of how the
PDA gel layer robustly bonded with HBAF. For this, first, the pre-
cursor solution consisting of PDA, acrylamide (AM), and water-
soluble photoinitiator TPO-Li was solidified into a PDA gel layer
upon patterned UV projection (Figure 4Ai). During AM polymer-
ization, DA was also induced by TPO-Li to further polymerize.
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Figure 4. A) Schematic diagram of the process of printing a multi-material hydrogel model. The bonding force between PAAc-PDA hydrogel layers
were measured by the parallel B) and vertical C) peeling test. D) Peeling curves of PDA gel layer with various contact surfaces, and E) their adhesion

mechanism.

Notably, a small amount of unreacted AM remained in the PDA
gel (Figure 4Aii). The PAAc hydrogel was then printed onto the
PDA gel layer by projecting a UV pattern into the AAc polymer
precursor. At the interface, radicals of the growing PAAc poly-
mer could add unreacted AM monomers to the chain, result-
ing in an enhanced interfacial contact, or induce a chain trans-
fer with oligomers in the PDA gel domain, resulting in a chemi-
cal bonding between the PDA gel layer and PAAc hydrogel layer
(Figure 4Aiii; Figure S10, Supporting Information).

To confirm the bonding force between two gel layers, the PDA
gel was peeled from the PAAc hydrogel in two different direc-
tions: parallel and vertical (Figure S11, Supporting Information).
The corresponding peeling forces were 862.76 N m~! (Figure 4B)
and 577.59 N m~! (Figure 4C), respectively. The strong bonding
force guaranteed the stable sensing performance in the dynamic
environment of HBAF. The PDA gel layer demonstrated remark-
able adhesive properties to various contact surfaces including
rubber, plastic, metal, and glass. We evaluated the adhesive force
through a 90° peeling test (Figure S12, Supporting Information).
As shown in Figure 4D, the PDA gel layer on the PAAc hydro-
gel exhibited peeling forces per unit width of 266.78N m™! (rub-
ber), 118.61 N m~! (PMMA), 177.65 N m™ (aluminum), and
122.06 N m™! (glass) on average, which are common hydropho-
bic substrates used in robotic construction (Figure S13, Support-
ing Information). The free catechol groups in PDA interacted
with amine or thiol groups to form cation-z, z7—z interactions, or
van der Waals interactions with contact surfaces (Figure 4E).[]
This strong adhesion ensured accurate and stable sensing during
practical applications.
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2.4. Sensing Performance of HBAF

The touch and pain-sensing mechanism of HBAF (Figure S14,
Supporting Information) was then investigated (see Figure 5). As
shown in Figure 5A, the deformation was further proved by the
mechanical simulation. During pressing, deformation of the up-
per layer primarily drives resistance changed. As displacement
increased, the resistance rose (consistent with Figure 3 results),
defining this stage as the touch phase. With greater displacement,
the first layer contacted the second layer, creating the first short
circuit and causing an abrupt resistance drop-defined as the first
pain point (first pain point, slight pain), which means the touch
was uncomfortable and one should be cautious. When displace-
ment further increased to overlap all three layers, a second short
circuit occurred, producing another resistance decrease (second
pain point, sharp pain). At this stage, the robotic hand expe-
riences high pain, which is regarded as the dangerous touch
and should be avoided. Subsequently, resistance gradually recov-
ered to initial levels when the pressure was drawn back. With
this multi-intensity pain perception mechanism, the humanoid
robotic hand could mimic the tactile of a human hand and eval-
uate the safe factor of gripping.

Finally, we mimicked a human finger exploration with pain
sensing using the robotic hand (Figures S15 and S16, Supporting
Information). As shown in Figure 5B, contact with a flat surface at
a small bending angle (70°) produced an abrupt, sharp resistance
change, indicating strong pain perception (Figure 5Bi). When the
bending angle increased to 75° or 80°, the resistance drop became
smaller, corresponding to a reduced pain intensity.

© 2025 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 5. A) The mechanism, corresponding simulation of pain perception of HBAF, and the relative resistance changes during the pressing process.
B) The sensing signals when the robotic fingertip contacted with a flat surface i) and sharp tip ii) at different bending angles.

Contact with sharper surfaces (Figure 5Bii) induced signifi-
cantly deeper resistance drops compared to flat surfaces. Sim-
ilarly, the relative resistance change (representing pain percep-
tion) decreased with increasing bending angle. These results
demonstrate that the HBAF-equipped sensor can reliably eval-
uate contact safety through resistance changes, effectively mim-
icking the impulse variations observed during mechanical stim-
ulation of human skin.

Moreover, because of the high resolution and programmability
of DLP, the pain threshold could be designed through the dis-
tance between sensing layers, which shows great potential for
a self-protection system with demanded safe factors (SF). For
robots requiring enhanced safety protocols - specifically those de-
signed to perceive pain at relatively low thresholds and reach the
first pain point more rapidly - the interlayer distance between the
upper two protective layers can be reduced compared to systems
with lower SF. This design modification accommodates the ear-
lier onset of abrupt current increases associated with pain de-
tection. Two models with different layers setting (Figure S17,
Supporting Information) were printed and measured under the
pressing of the small pipette tip in a small speed. For easier com-
parison, only the inner layer distance was regulated, while the
height of the two models was the same. As shown in Figure S18
(Supporting Information), the touch phase (green) of Model I was
shorter than that of Model II, because the distance between the
upper two layers was smaller in Model I. In other words, the lower
the slight pain threshold was, the higher the SF was in Model I.
At the same time, the second layer was farther distanced from the
third layer in Model I, so the slight pain area (yellow) was larger
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than that in Model II. Since the heights of two models were the
same, the sharp pain point came nearly at the same time. The
recovery phase was correspondingly different, resulting from the
different distance parameters. Model I needed a longer time to
recover to the original resistance because the time the sensing
layer overlapped was longer. The relative resistance changes were
small in these two models because of the small contact area of the
pipette tip.

3. Conclusion

A 3D-printed hydrogel-based artificial fingertip (HBAF) sensor
was developed to equip robotic fingertips with tactile and pain
perception. To enhance the stretchability of the DLP 3D-printed
hydrogel and ensure reliable signal generation under pressure, a
two-step post-processing method was introduced to incorporate
an amphiphilic polymeric network (PMETAC) into the 3D struc-
ture without compromising its structural resolution. This mod-
ification nearly tripled the hydrogel's stretchability compared
to its initial state. Beyond mechanical enhancement, this post-
processing strategy offered a versatile platform for integrating ad-
ditional functionalities, such as self-healing or high conductivity,
through alternative functional polymer networks.

Unlike conventional multi-layered sensing systems, the HBAF
was fully soft, monolithic, and exhibits high structural stabil-
ity, enabling seamless adaptation to uneven or curved surfaces.
Leveraging multi-interface DLP technology, an adhesive poly-
dopamine (PDA) gel layer was fabricated at the base of the HBAF
to facilitate robust integration with rigid robotic substrates. When
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mounted on a robotic fingertip, the HBAF successfully discrimi-
nated against pain levels based on object sharpness (radius) and
finger bending angle. The DLP process enables precise tuning
of the HBAF’s safety factor through interlayer spacing. Combin-
ing with the geometry design, our novel soft sensor - with its
programmed modulus and pain perception - can be arrayed on
robotic components like artificial hands,[?*-3%] enabling customiz-
able pain-response systems for clinical and biomedical robotics.
However, this soft nature and reliance on precise layer spacing of
HBAF make integration with soft robotics challenging, as actu-
ation compromises sensing stability. Hence, the development of
more stable structural designs for this purpose is a key focus of
ongoing research.

Supporting Information

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