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Abstract: Lattice structures are a group of cellular materials composed of regular repeating unit cells.
Due to their extraordinary mechanical properties, such as specific mechanical strength, ultra-low
density, negative Poisson’s ratio, etc., lattice structures have been widely applied in the fields of avia-
tion and aerospace, medical devices, architecture, and automobiles. Hybrid additive manufacturing
(HAM), an integrated manufacturing technology of 3D printing processes and other complementary
processes, is becoming a competent candidate for conveniently delivering lattice structures with mul-
tifunctionalities, not just mechanical aspects. This work proposes a HAM technology that combines
vat photopolymerization (VPP) and electroless plating process to fabricate smart metal-coated lattice
structures. VPP 3D printing process is applied to create a highly precise polymer lattice structure,
and thereafter electroless plating is conducted to deposit a thin layer of metal, which could be used as
a resistive sensor for monitoring the mechanical loading on the structure. Ni-P layer and copper layer
were successfully obtained with the resistivity of 8.2 × 10−7Ω · m and 2.0 × 10−8 Ω · m, respectively.
Smart lattice structures with force-loading self-sensing functionality are fabricated to prove the
feasibility of this HAM technology for fabricating multifunctional polymer-metal lattice composites.

Keywords: additive manufacturing; electroless plating; lattice structures; self-sensing

1. Introduction

The lattice structure is a kind of cellular material with the regular repeating structure
of their unit cell [1]. Owing to its extraordinary mechanical performances, e.g., specific me-
chanical strength [2], ultra-low density [3], tunable thermal conductivity [4], and negative
Poisson’s ratio [5], etc., lattice structures have been applied to medical [6,7], energy ab-
sorption [8,9], aerospace [10,11], nuclear engineering [3], flexible and wearable devices [12].
Traditionally, lattice structures are fabricated via water jet cutting [13], investment cast-
ing [14], and wire-woven methods [15], which cause waste of materials, limited design
flexibility, and difficulty in manufacturing microstructures.

Unlike traditional subtractive manufacturing methods, additive manufacturing (AM)
technology creates 3D objects layer by layer based on computer-aided design (CAD) files,
which offers high freedom of design and appropriate processing methods for the manu-
facture of lattice products. Nowadays, AM has been widely applied in the manufacturing
of lattice structures. Typical examples include selective laser melting (SLM) technology,
which was used to fabricate lattices with variable attitude octahedral structure and body-
centered cuboctahedral structure [16]. Free-hanging fused deposition modeling (FDM)
technique and free-hanging 3D printing method were developed for fabricating smart CCF
(continuous carbon fiber)-thermoplastic lattice truss sandwich structures [17]. The lattice
structure design enables customization of the mechanical properties of the material [18].
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For practical applications such as car crash boxes and helmets [19,20], the working condi-
tions of lattice parts are often severe, which poses a great challenge to the health of these
parts. Therefore, the health conditions of the lattice parts need to be monitored. However,
traditional AM can only deliver lattice structures with a single material and single process.
These products normally provide only mechanical functionalities. In order to monitor
the working conditions of lattice parts, integrated sensors should be made together with
the lattice frame. For example, Abyzova et al. [21] prepared conductive wristbands for
wearable smartwatches by combining AM and laser processing methods, expanding the
possibilities of rGO/polymer composites for applications in flexible electronics. Therefore,
diverse materials and processes are required to realize the integrated manufacturing of
lattice structures and self-sensing functionalities.

Hybrid additive manufacturing (HAM) technology is a great advance for AM technol-
ogy viand works by combining AM processes with other complementary processes [22].
For instance, by combining digital light processing (DLP) and vacuum casting processes,
Deng et al. produced a reconfigurable lattice hand based on liquid metal lattice materi-
als with shape memory functionality [23]. Yin et al. fabricated a pressure sensor with a
programmable lattice structure via hybridizing DLP 3D printing and carbon nanotube
(CNT) ultrasonication coating [24]. Kamat et al. used stereolithography (SLA) technology
and the dip coating method to fabricate a piezoresistive pressure sensor with graphene
nanoplatelets on the surface [25]. For the fabrication of 3D electronics, electroless plating
(ELP) processes are also a preferable complementary technique in the HAM area; these
processes can deposit various metallic and alloy coatings such as copper, silver, gold, nickel-
phosphorus alloy, etc. on 3D substrate [26–28]. For example, Hensleigh et al. employed
SLA printing to fabricate the dual-material structure with positive, negative, and neutral
resins and soaked it in either a positive or negative catalyst solution to define the ELP
deposition area for 3D electronics [29]. Shin et al. [30] used DLP and ELP techniques
to deposit metal layers on the micro-lattice and the compressive stiffness of the lattice
increased from 8.8 MPa to 11.1 MPa. Our group combined laser activated ELP with various
AM technologies for the fabrication of high-resolution 3D conformal/embedded circuit
boards, sensors, antennas, etc. [31–35].

In this work, we proposed a HAM technology that integrated VPP and ELP process to
fabricate smart lattice structures with force-loading self-sensing functionality (including
both tensile and compressive loadings), which could not only exploit the mechanical
advantages of lattice structure but also the self-sensing functionality. In this way, the health
situation of the lattice structures could be monitored and evaluated in real-time. As shown
in Figure 1, the lattice frameworks are fabricated by a high-precision SLA 3D printing
process. After specific pretreatment steps, a nickel-phosphorus (Ni-P) film or copper film
is electroless plated on the surface of a photopolymer lattice framework. The polymer-
metal lattice composite possesses a self-sensing ability and therefore can be regarded as
a smart structure. To fully demonstrate the application potential of the multifunctional
polymer-metal lattice composites, smart lattice structures with stretching or compressing
were developed and tested in this work.
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Figure 1. The fabrication process of the proposed HAM technology. (a) Stereolithography 3D print-
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setup used for the smart laĴice pressure sensor. 
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C10H16N2O8, >99.5%), 2,2′-bipyridyl (C10H8N2, >99.0%), potassium ferrocyanide trihydrate 
(K4FeC6N6·3H2O, >99.0%), and potassium hydroxide (KOH, >90.0%) were purchased from 
Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. The organic passivation solution 
was purchased from Dongguan Rongxin Coating Technology Co., Ltd., Dongguan, China. 
Concentrated colloidal palladium Act PP-950 was purchased from Hong Kong Ensen Col-
loidal Palladium Co., Hong Kong, China. All chemicals were used as received. 

2.2. VPP 3D Printing 
All the samples were designed by Cero 8.0 software (PTC, Boston, MA, USA) and 

exported in .stl format. Then these files were imported into slicing software (Materialise 
Magics 21.0, Shanghai, China) for generating G-gode codes recognized by the following 
printer. The laĴice frames were fabricated via an industrial-grade SLA 3D printer (Lite 
600HD, UnionTech, Shanghai, China) with a commercial photopolymer (SH8801, Union-
Tech). The layer thickness, a key print parameter of SLA 3D printing, was set to a mini-
mum of 50 µm for high manufacturing precision. The printed samples were cleaned in 
isopropanol (IPA) for 1 min (25 °C) and then post-cured with a 365 nm UV light at 60 °C. 

2.3. Electroless Plating 
2.3.1. Pretreatment of ELP 

The pretreatment process of electroless plating included: (1) etching, (2) sensitization-
activation, and (3) acceleration. The samples were etched in 60 g/L KMnO4 and 30 g/L 
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Figure 1. The fabrication process of the proposed HAM technology. (a) Stereolithography 3D printing.
(b) Surface treatment and activation. (c) Electroless plating. (d) Schematic representation of the setup
used for the smart lattice pressure sensor.

2. Materials and Methods
2.1. Materials

Potassium permanganate (KMnO4, >99.5%), sodium hydroxide (NaOH, >99.5%),
hydrochloric acid (HCl, 36.0–38.0%), hydrazine hydrate (N2H4·H2O, >85.0%), sodium
chloride (NaCl, >99.5%), nickel sulfate heptahydrate (NiSO4·7H2O, >99.5%), sodium hy-
pophosphite monohydrate (NaH2PO2·H2O, >99.5%), sodium citrate (Na3C6H5O7, >99.5%),
ammonia (NH3·H2O, >25%), copper sulfate pentahydrate (CuSO4·5H2O, >99.0%), glyoxylic
acid monohydrate (CHOCOOH·H2O, >99.8%), ethylenediaminetetraacetic acid (EDTA,
C10H16N2O8, >99.5%), 2,2′-bipyridyl (C10H8N2, >99.0%), potassium ferrocyanide trihy-
drate (K4FeC6N6·3H2O, >99.0%), and potassium hydroxide (KOH, >90.0%) were purchased
from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. The organic passivation
solution was purchased from Dongguan Rongxin Coating Technology Co., Ltd., Dongguan,
China. Concentrated colloidal palladium Act PP-950 was purchased from Hong Kong
Ensen Colloidal Palladium Co., Hong Kong, China. All chemicals were used as received.

2.2. VPP 3D Printing

All the samples were designed by Cero 8.0 software (PTC, Boston, MA, USA) and
exported in .stl format. Then these files were imported into slicing software (Materialise
Magics 21.0, Shanghai, China) for generating G-gode codes recognized by the follow-
ing printer. The lattice frames were fabricated via an industrial-grade SLA 3D printer
(Lite 600HD, UnionTech, Shanghai, China) with a commercial photopolymer (SH8801,
UnionTech). The layer thickness, a key print parameter of SLA 3D printing, was set to a
minimum of 50 µm for high manufacturing precision. The printed samples were cleaned in
isopropanol (IPA) for 1 min (25 ◦C) and then post-cured with a 365 nm UV light at 60 ◦C.

2.3. Electroless Plating
2.3.1. Pretreatment of ELP

The pretreatment process of electroless plating included: (1) etching, (2) sensitization-
activation, and (3) acceleration. The samples were etched in 60 g/L KMnO4 and 30 g/L
NaOH solution at 50 ◦C for 1 min to make a rough outer surface. Then, the samples
were immersed into a mixture of 75 mL/L HCl and 60 mL/L N2H4·H2O for about 3 h
to remove KMnO4 residues from polymer surfaces. Thoroughly washed in DI water, the
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lattice frames were submerged in colloid palladium containing 60 g/L of NaCl, 230 mL/L
of HCl, and 10 mL/L concentrated palladium-stannous colloid (Act PP-950) for 10 min
at 25 ◦C. A concentrated palladium-stannous colloid was made of palladium chloride
(PdCl2), stannous chloride (SnCl2), and HCl, which is a solution of complex ions and
colloidal particles. After DI water rinsing, the acceleration step was conducted by soaking
the samples in 10 vol% HCl at 40 ◦C for 5 min, which reduced Pd2+ to Pd0 metallic particles
by Sn2+ ions and simultaneously removed excess colloid to expose the Pd0 catalysts.

2.3.2. Electroless Nickel Plating Process

The lattice frames were immersed in an alkaline electroless nickel plating bath (20 g/L
of NiSO4·7H2O, 30 g/L of NaH2PO2·H2O, and 10 g/L Na3C6H5O7) at 38 ◦C for 15 min to
deposit Ni-P layer. The pH value of the bath was set to 8.5 using NH3·H2O solution.

2.3.3. Electroless Copper Plating Process

The ingredients of the electroless copper plating bath were 12.5 g/L CuSO4·5H2O
as the copper ion source, 15 g/L CHOCOOH·H2O as the reducer, 70.1 g/L EDTA as the
complexing agent of copper ion, 10 ppm 2,2′-bipyridyl, and 10 ppm K4FeC6N6·3H2O as
the stabilizer. The pH value of the bath was adjusted to 12.5 using 4 mol/L KOH solution
and the plating temperature was kept at 65 ◦C via water-bath heating.

2.4. Characterization

The thickness of the copper layer was measured by an electrolytic metal thickness
gauge based on the Faraday electrolysis principle (DJH-G, Wuhan Research Institute of
Materials Protection, Wuhan, China).

To measure the hydrophilicity of the resin surface, a drop of deionized water was
placed on the sample surface (20 mm × 20 mm × 3 mm) and measured at room temperature
(25 ◦C) using a contact angle tester (Theta Flex, Biolin, Espoo, Finland).

The scanning electron microscope (SEM) imaging and energy dispersive spectroscopy
(EDS) mapping were conducted using a field-emission scanning electron microscope (FE-
SEM) (Ultra Plus FE-SEM, Carl Zeiss, Oberkochen, Germany) with integrated EDS (X-Max 20,
Oxford Instrument, Oxford, UK) for indicating the microstructure and element distribution.

The X-ray photoelectron spectroscopy (XPS) analysis was carried out using an X-ray
photoelectron spectrophotometer (PHI 5000 VersaProbe, ULVAC-PHI Inc., Chigasaki, Japan).

The tape test is performed by using a knife to draw grid lines at 1 mm intervals on
the surface, then the pressure-sensitive adhesive tape is glued onto the metal coating, and
finally, the tape is peeled off. The adhesive strength of the coating can be assessed by
examining the percentage of metal film that is removed from the substrate.

2.5. Demonstrator Design

Lattice structures with stretching and compression are shown in Figure 2a,b. The
dimension of the lattice cell was 3 mm × 3 mm × 3 mm and the strut diameter was set to
0.6 mm. The number of cells of the stretched sample in length, width, and height direction
was 4, 3, and 15, respectively (Figure 2a). A stretching sample with clamping parts at both
sides was designed. The dimensions of both clamping parts are 30 mm × 9 mm × 12 mm.
A small ring at one end was used for the fixture during the plating process. For the
compression sample, the cell numbers in three dimensions were 5 × 5 × 5 (Figure 2b) and
the cell size was 5 mm × 5 mm × 5 mm.
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ions with a strong reducer, thus enabling the electrochemical deposition of highly con-
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face of the glass, plastic, polymer, ceramic, etc. 
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To increase the roughness and hydrophilicity of the polymer surface, a strong oxi-

dizing KMnO4 solution was used in the etching step. A large amount of KMnO4 remained 
on the polymer surface, and the sample color turned from white to brown (Figure 4a). 
Compared to the SEM images before and after etching, plenty of cracks were formed on 
the polymer surface (Figure 4b–d). Moreover, the contact angle decreased from 96.60° to 
89.82° (Figure 4e,f), which indicated that the hydrophilicity of the surface was improved. 

Figure 2. Diagram of the printed lattice structure. The structural design drawings of (a) stretching
sample and (b) compression sample.

3. Result and Discussion
3.1. Quality of VPP 3D Printed Lattice Structures

After VPP 3D printing, the physical drawing of the sample was shown in Figure 3a,b.
Its dimensions were measured under an optical microscope. The average lattice cell size
and the rod diameter were measured as 3.09 mm and 0.69 mm, which was close to the
design value of cell size (3 mm) and the rod diameter (0.6 mm).
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3.2. Experiments of Electroless Plating Process

Electroless plating (ELP) is a widely applied wet chemical metallization method [36]. It
uses the noble metal palladium (Pd) as a catalyst to activate the redox reaction of metal ions
with a strong reducer, thus enabling the electrochemical deposition of highly conductive
metal conductors (copper, silver, gold, nickel-phosphorus alloys, etc.) on the surface of the
glass, plastic, polymer, ceramic, etc.

3.2.1. Etching

To increase the roughness and hydrophilicity of the polymer surface, a strong oxidizing
KMnO4 solution was used in the etching step. A large amount of KMnO4 remained
on the polymer surface, and the sample color turned from white to brown (Figure 4a).
Compared to the SEM images before and after etching, plenty of cracks were formed on
the polymer surface (Figure 4b–d). Moreover, the contact angle decreased from 96.60◦ to
89.82◦ (Figure 4e,f), which indicated that the hydrophilicity of the surface was improved.

3.2.2. Sensitization-Activation and Acceleration

After the etching step, the lattice frame needed to absorb noble metal catalysts to
initialize the subsequent ELP reaction. When the etched lattice frames were immersed in
the Pd/Sn catalyst colloid and then accelerated with 10 vol% HCl solution, the following
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reaction occurred during the acceleration process to produce Pd0 catalytic particles, which
were uniformly attached to the lattice surface (Figure 5a,b).

Sn2+ + Pd2+ → Sn4+ + Pd0 (1)
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Figure 5. Characterization of palladium catalyzed resin substrate. (a,b) SEM results of the polymer
surface after the acceleration step. (c) The XPS result of the Pd element after the acceleration process.

As shown in Figure 5b, the metallic palladium particles were uniformly distributed on
the polymer surface. Additionally, X-ray photoelectron spectroscopy (XPS) identified the
valence states of Pd elements (Figure 5c). The spectra were corrected by the C1s peak at
284.8 eV. Pd 3d peaks were composed of Pd 3d5/2 (335.9 eV) and Pd 3d3/2 (341.2 eV), which
corresponded to Pd0 [37].

3.2.3. Electroless Nickel Plating Process

Alkaline nickel plating was used in our work for the ELP of Ni-P. The basic chemical
reaction is as follows:

Ni2++H2PO2
− + 3OH− Pd/Ni→ Ni + HPO3

2− + 2H2O (2)
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First, the nickel ions were reduced to nickel by the catalytic action of metallic palla-
dium particles and then the autocatalytic reactions occurred for continuous nickel plating.
Simultaneously, a secondary reaction of hypophosphite and hydrogen atoms produced
elemental phosphorus.

H2PO2
− Pd/Ni→ PO2

− + 2H (3)

H2PO2
− + H Pd/Ni→ P+OH− + H2O (4)

After ELP, a bright and dense Ni-P layer could be deposited on the surface of the
photopolymer (Figure 6a). The microstructure of the surface and cross-section of Ni-P
film was investigated via SEM imaging (Figure 6b–d). As shown in Figure 6b,c, the Ni-P
layer was dense with no cracks. After 150 min ELP, the thickness of the Ni-P layer could
reach around 3.7 µm (Figure 6d,f), and the resistivity of the nickel layer was approximately
8.2 × 10−7Ω · m. EDS investigation illustrated that the concentration of phosphorus and
nickel in the alloy film was 5.98 wt% and 83.55 wt%, respectively (Figure 6e).
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(b,c) The SEM images of the nickel layer surface. (d) The SEM image of the cross-section of the nickel
layer after 150 min ELP. (e) The EDS result of the nickel layer. (f) The thickness of the nickel layer
changing with the electroless plating time.

3.2.4. Electroless Copper Plating Process

For the ELP of copper, Pd0 plating seeds were also the catalyst of the following
chemical reaction:

Cu(EDTA)2− + 2CHOCOOH + 4OH− Pd0/Cu0
→ Cu + EDTA4− + 2HC2O4

− + 2H2O + H2 ↑ (5)

Then, the copper element could be continuously deposited around the Cu0 particles
to form a series of copper spheres. These spheres grew larger and then connected as a
dense copper layer (Figure 7a,d). As shown in Figure 7b,c,e, the thickness of the copper
layer could reach 8 µm after 150 min ELP. The resistivity of the copper layer calculated
according to Pouillet’s law was around 2.0 × 10−8 Ω · m, which was close to the pure
copper (1.7 × 10−8 Ω ·m). The low resistivity of the copper layer was due to the consistency
and high purity of the copper layer. As shown in SEM images, the deposited copper layer
was dense without any cracks or pores (Figure 7c–g). The EDS result showed that the purity
of the copper layer was higher than 99 wt% (Figure 7h).
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3.3. Characterization
3.3.1. Mechanical Strength

Lattice stretching samples were prepared as described in Section 2.3 in order to inves-
tigate the effects of the ELP step on the mechanical strength. The average maximum tensile
force decreased slightly from 1056 N to 1016 N by only 3.79% (Figure 8a), which meant that
the ELP step had almost no effect on the mechanical properties of the lattice structures.

Micromachines 2024, 15, x FOR PEER REVIEW 8 of 13 
 

 

was dense without any cracks or pores (Figure 7c–g). The EDS result showed that the pu-
rity of the copper layer was higher than 99 wt% (Figure 7h). 

 
Figure 7. The characterization of the copper layer. (a) The photo of the copper-coated laĴice struc-
ture. (b) The thickness of the copper layer changes with the electroless plating time. (c,d) The SEM 
images of the copper layer surface. (e) The SEM image of the cross-section of the copper layer after 
150 min ELP. Elemental mapping of (f) C and (g) Cu in the cross-section. (h) The EDS result of the 
nickel layer. 

3.3. Characterization 
3.3.1. Mechanical Strength 

LaĴice stretching samples were prepared as described in Section 2.3 in order to in-
vestigate the effects of the ELP step on the mechanical strength. The average maximum 
tensile force decreased slightly from 1056 N to 1016 N by only 3.79% (Figure 8a), which 
meant that the ELP step had almost no effect on the mechanical properties of the laĴice 
structures. 

 
Figure 8. ELP characterization. (a) The tensile strength of laĴice samples before and after the ELP 
process. (b) Nickel layer after the tape test. (c) Copper layer after the tape test. 

3.3.2. Adhesion Strength 
In order to test the adhesion strength of the ELP nickel and copper metal layers on 

the polymer, tape tests, according to ASTM D3359-09 [38], were conducted on the 

Figure 8. ELP characterization. (a) The tensile strength of lattice samples before and after the ELP
process. (b) Nickel layer after the tape test. (c) Copper layer after the tape test.

3.3.2. Adhesion Strength

In order to test the adhesion strength of the ELP nickel and copper metal layers on the
polymer, tape tests, according to ASTM D3359-09 [38], were conducted on the clamping
parts of the sample for a flat substrate to draw cut grids. The result showed that no metal
layer was peeled off, which indicated the best adhesion grade of 5B (Figure 8b,c). The
adhesion strength of the lattice part could be approximately evaluated by this result since
the whole part underwent the same ELP procedures.
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3.4. Demonstrator

As described in Sections 3.2.3 and 3.2.4, Ni-P film has a much higher resistivity than its
copper counterpart. This was quite preferable for resistive sensors since the induced larger
original resistance could provide more obvious resistance variation, making the signal easy
to detect. Moreover, Ni-P alloy has better oxidation and corrosion resistance compared to
pure copper. Therefore, the smart lattice structures with tensile and compressive strain self-
sensing functionality were developed with conformal Ni-P film strain gauges, respectively
(Figures 9a and 10a).
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Figure 9. The stretching self-sensing test results. (a) The photo of the stretching lattice structure.
(b) Stress-equivalent strain curve of the stretching lattice (The slope of the dot line is the elastic
modulus). (c) ∆R/R0 of the lattice with 3% applied strain during about 180 stretching–releasing
cycles. (d) The ∆R/R0 curve at different strains.
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The resistance response of the sensor was acquired in real time from the Wheatstone
bridge circuit. No significant delay in sensor response was observed for the entire experi-
mental device. The tensile or compressive equivalent strain εe and the stress σs is calculated
using the following formulas:

εe =
∆l
l0

(6)

σs =
F
A

(7)

∆l represents the deformation variable for tensile or compression of the lattice structure
and l0 represents the initial length or height of the lattice structure. F is the uniaxial reaction
force caused by the input loading and A is the cross-sectional area. The sensitivity of
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the strain sensor is evaluated using gauge factor (GF), which can be expressed using the
following equation:

G =
∆R/R0

∆l/l0
(8)

where ∆R/R0 represents the normalized relative resistance change (∆R = Ri − R0, Ri and
R0 mean the resistance under applied strain and the initial resistance, respectively).

For the smart lattice structures with tensile strain self-sensing functionality, a fracture
tensile test was first conducted to reveal the elastic deformation range. A typical stress-
equivalent strain curve was shown in Figure 9b. A near-linear tensile behavior exhibited at
the strain range of 0–3%; as such, this range could be regarded as the elastic range of the
lattice sample. The following tests were conducted within this range to ensure the lattice
structure returned to its original state. According to previous works about strain sensors,
a large fluctuation of resistance output occurred in the very first few cycles of the tensile
experiment [39,40]. This behavior might be related to the competition between disruption
and reconstruction of the conductive network. Therefore, test samples were first stretched
in cycles for fatigue aging. Figure 9c showed the resistance output for about 180 cycles with
a strain range of 0–3% and a stretching rate of 1 mm/min. The repeatability and reliability
of the sensor output were largely improved after 80-cycle aging, which showed a desirable
durability of the self-sensing lattice for long-term applications.

For the static test, five samples were first aged for 150 cycles, and then tensile tested.
According to Figure 9d, with the gradual increase of the equivalent strain from 0 to 2.7%,
the output ∆R/R0 increased linearly to around 1.3%. When the tensile loading was released
step by step, the output could return to zero point. The tensile and recovery data were
nearly overlapped, indicating that the hysteretic behavior was not remarkable. In cyclic
testing of lattice structures, the initial instability of strain change amplitude can be attributed
to the following factors. There are micro-cracks caused in the AM or ELP coating process,
which might propagate initially, causing a sharp strain change at the beginning. As the
material undergoes more cycles, it tends to settle into a more stable deformation pattern.
The GF of the tensile-sensing lattice was about 0.50, calculated by Equation (8).

For the compression self-sensing test, to demonstrate the response of the sensor to
external compressions, the smart lattice structure (Figure 10a) was secured between two
cylinders of the universal testing machine. The lattice was compressed to the densification
stage and, similarly, stress-equivalent strain curves were also attained (Figure 10b). The
compression lattice exhibited the elastic behavior at the strain range of 0–5%. Therefore,
the compression experiments were performed in the strain range of 0–2% with 0.4% strain
intervals. According to Figure 10c, the resistance of the sensor reduced with the increasing
strain due to the compression of the Ni-P layer. After that, moving the upper cylinder to its
initial position step-by-step, the resistance almost returned to its initial value. The GF of
the compression-sensing lattice structure was calculated to be 1.44.

The resistance of a regular conductor can be expressed as:

R = ρ
L
A

(9)

where ρ (Ω·cm) is the resistivity, L (cm) is the length of the conductor, and A (cm2) is the
cross-section area of the conductor. When the lattice structure is subjected to tensile or
compressive loads, the lattice rods experience the corresponding tensile or compressive
strains. Consequently, there are dimensional changes in the Ni-P coating layer, affecting its
resistance. Given the thin layer thickness of the small Poisson’s ratio of the metal coating,
the variations in the coating area can be disregarded. The tensile or compressive strain
primarily influences the length of the coating conductor. Therefore, the resistance of the
coating increased with tensile strain, while decreased with compressive strain.
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4. Conclusions

In this work, we proposed a novel HAM method that integrates VPP 3D printing
and ELP metallization processes to fabricate multifunctional lattice structures. With VPP
3D printing, a highly complex photopolymer lattice framework was obtained and then
pretreated for attaching the metallic palladium particles as the ELP catalysts. After 150 min
of ELP, the resistivity of the Ni-P and copper films could reach 8.2 × 10−7Ω · m and
2.0 × 10−8 Ω · m, respectively. The ELP step had no negative effect on the mechanical
properties of the polymer-metal composite lattice structure and the adhesion between the
metal and the resin was 5B, the highest grade of ASTM standard. Based on the proposed
HAM technology, smart lattice structures with self-sensing functionality for both compres-
sive and tensile loads were successfully developed to verify the application potential of
this HAM method. For the future works, the adhesion durability of the copper layer on
the lattice structure, the repeatability of the sensor signals, and the long-term working
stability of the smart lattice structure will be further investigated to promote the practical
application of this technology.

Author Contributions: Writing—original draft, Writing—review and editing, Visualization, Method-
ology, Investigation, Formal analysis, Data curation, L.H.; Writing—original draft, Writing—review
and editing, Visualization, Methodology, Investigation, Formal analysis, Data curation, P.W.; In-
vestigation, Formal analysis, Data curation, J.Y.; Investigation, Formal analysis, Data curation, K.F.;
Investigation, Formal analysis, Data curation, H.Z.; Visualization, Investigation, Data curation, L.Z.;
Visualization, Investigation, Data curation, M.J.; Investigation, Formal analysis, Data curation, X.C.;
Investigation, Formal analysis, Data curation, Z.C.; Methodology, Supervision, M.C.; Methodology,
Funding acquisition, H.L.; Writing—original draft, Writing–review & editing, Supervision, Project
administration, Methodology, Funding acquisition, Conceptualization, J.L. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China [Grant Nos.
61974025, 61504024, and 62004061], the Fundamental Research Funds for the Central Universities,
China, and the Innovative and Entrepreneurial Talent Plan of Jiangsu Province, China.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Maconachie, T.; Leary, M.; Lozanovski, B.; Zhang, X.; Qian, M.; Faruque, O.; Brandt, M. SLM Lattice Structures: Properties,

Performance, Applications and Challenges. Mater. Des. 2019, 183, 108137. [CrossRef]
2. Du, Y.; Li, H.; Luo, Z.; Tian, Q. Topological Design Optimization of Lattice Structures to Maximize Shear Stiffness. Adv. Eng. Softw.

2017, 112, 211–221. [CrossRef]
3. Zhang, Y.; Chen, F.; Tang, X.; Huang, H.; Chen, T.; Sun, X. Boracic Polyethylene/Polyethylene Wax Blends and Open-Cell Nickel

Foams as Neutron-Shielding Composite. J. Reinf. Plast. Compos. 2018, 37, 181–190. [CrossRef]
4. Zhang, C.; Liu, J.; Yuan, Z.; Xu, S.; Zou, B.; Li, L.; Ma, Y. A Novel Lattice Structure Topology Optimization Method with Extreme

Anisotropic Lattice Properties. J. Comput. Des. Eng. 2021, 8, 1367–1390. [CrossRef]
5. Han, D.; Ren, X.; Luo, C.; Zhang, Y.; Zhang, X.Y.; Zhang, X.G.; Jiang, W.; Hao, J.; Xie, Y.M. Experimental and Computational

Investigations of Novel 3D Printed Square Tubular Lattice Metamaterials with Negative Poisson’s Ratio. Addit. Manuf. 2022,
55, 102789. [CrossRef]

6. Bhullar, S.K.; Ko, J.; Cho, Y.; Jun, M.B.G. Fabrication and Characterization of Nonwoven Auxetic Polymer Stent. Polym. Plast.
Technol. Eng. 2015, 54, 1553–1559. [CrossRef]

7. Song, J.; Gao, L.; Cao, K.; Zhang, H.; Xu, S.; Jiang, C.; Surjadi, J.U.; Xu, Y.; Lu, Y. Metal-Coated Hybrid Meso-Lattice Composites
and Their Mechanical Characterizations. Compos. Struct. 2018, 203, 750–763. [CrossRef]

8. Jin, N.; Wang, F.; Wang, Y.; Zhang, B.; Cheng, H.; Zhang, H. Failure and Energy Absorption Characteristics of Four Lattice
Structures under Dynamic Loading. Mater. Des. 2019, 169, 107655. [CrossRef]

9. Habib, F.N.; Iovenitti, P.; Masood, S.H.; Nikzad, M. Fabrication of Polymeric Lattice Structures for Optimum Energy Absorption
Using Multi Jet Fusion Technology. Mater. Des. 2018, 155, 86–98. [CrossRef]

10. Cramer, N.B.; Cellucci, D.W.; Formoso, O.B.; Gregg, C.E.; Jenett, B.E.; Kim, J.H.; Lendraitis, M.; Swei, S.S.; Trinh, G.T.; Trinh,
K.V.; et al. Elastic Shape Morphing of Ultralight Structures by Programmable Assembly. Smart Mater. Struct. 2019, 28, 055006.
[CrossRef]

https://doi.org/10.1016/j.matdes.2019.108137
https://doi.org/10.1016/j.advengsoft.2017.04.011
https://doi.org/10.1177/0731684417738335
https://doi.org/10.1093/jcde/qwab051
https://doi.org/10.1016/j.addma.2022.102789
https://doi.org/10.1080/03602559.2014.986812
https://doi.org/10.1016/j.compstruct.2018.07.074
https://doi.org/10.1016/j.matdes.2019.107655
https://doi.org/10.1016/j.matdes.2018.05.059
https://doi.org/10.1088/1361-665X/ab0ea2


Micromachines 2024, 15, 2 12 of 13

11. Jenett, B.; Calisch, S.; Cellucci, D.; Cramer, N.; Gershenfeld, N.; Swei, S.; Cheung, K.C. Digital Morphing Wing: Active Wing
Shaping Concept Using Composite Lattice-Based Cellular Structures. Soft Robot. 2017, 4, 33–48. [CrossRef] [PubMed]

12. Sengupta, D.; Prakash Kottapalli, A.G. Ultralight Weight Piezoresistive Spongy Graphene Sensors for Human Gait Monitoring
Applications. In Proceedings of the 2020 IEEE 15th International Conference on Nano/Micro Engineered and Molecular System
(NEMS), San Diego, CA, USA, 27–30 September 2020; pp. 120–123.

13. Dong, L.; Deshpande, V.; Wadley, H. Mechanical Response of Ti–6Al–4V Octet-Truss Lattice Structures. Int. J. Solids Struct. 2015,
60–61, 107–124. [CrossRef]

14. Wadley, H. Fabrication and Structural Performance of Periodic Cellular Metal Sandwich Structures. Compos. Sci. Technol. 2003, 63,
2331–2343. [CrossRef]

15. Sharp, K.; Mungalov, D.; Brown, J. Metallic Cellular Materials Produced by 3D Weaving. Procedia Mater. Sci. 2014, 4, 15–20.
[CrossRef]

16. Bai, L.; Zhang, J.; Xiong, Y.; Chen, X.; Sun, Y.; Gong, C.; Pu, H.; Wu, X.; Luo, J. Influence of Unit Cell Pose on the Mechanical
Properties of Ti6Al4V Lattice Structures Manufactured by Selective Laser Melting. Addit. Manuf. 2020, 34, 101222. [CrossRef]

17. Wang, Z.; Luan, C.; Liao, G.; Yao, X.; Fu, J. Mechanical and Self-Monitoring Behaviors of 3D Printing Smart Continuous Carbon
Fiber-Thermoplastic Lattice Truss Sandwich Structure. Compos. Part B Eng. 2019, 176, 107215. [CrossRef]

18. Xiao, R.; Feng, X.; Fan, R.; Chen, S.; Song, J.; Gao, L.; Lu, Y. 3D Printing of Titanium-Coated Gradient Composite Lattices for
Lightweight Mandibular Prosthesis. Compos. Part B Eng. 2020, 193, 108057. [CrossRef]

19. Hou, W.; He, P.; Yang, Y.; Sang, L. Crashworthiness Optimization of Crash Box with 3D-Printed Lattice Structures. Int. J. Mech.
Sci. 2023, 247, 108198. [CrossRef]

20. Clough, E.C.; Plaisted, T.A.; Eckel, Z.C.; Cante, K.; Hundley, J.M.; Schaedler, T.A. Elastomeric Microlattice Impact Attenuators.
Matter 2019, 1, 1519–1531. [CrossRef]

21. Abyzova, E.; Petrov, I.; Bril’, I.; Cheshev, D.; Ivanov, A.; Khomenko, M.; Averkiev, A.; Fatkullin, M.; Kogolev, D.; Bolbasov, E.; et al.
Universal Approach to Integrating Reduced Graphene Oxide into Polymer Electronics. Polymers 2023, 15, 4622. [CrossRef]

22. MacDonald, E.; Wicker, R. Multiprocess 3D Printing for Increasing Component Functionality. Science 2016, 353, aaf2093. [CrossRef]
[PubMed]

23. Deng, F.; Nguyen, Q.-K.; Zhang, P. Multifunctional Liquid Metal Lattice Materials through Hybrid Design and Manufacturing.
Addit. Manuf. 2020, 33, 101117. [CrossRef]

24. Ming Yin, Y.; Yang Li, H.; Xu, J.; Zhang, C.; Liang, F.; Li, X.; Jiang, Y.; Wei Cao, J.; Fang Feng, H.; Nan Mao, J.; et al. Facile
Fabrication of Flexible Pressure Sensor with Programmable Lattice Structure. ACS Appl. Mater. Interfaces 2021, 13, 10388–10396.
[CrossRef]

25. Kamat, A.M.; Kottapalli, A.G.P. 3D Printed Graphene-Coated Flexible Lattice as Piezoresistive Pressure Sensor. In Proceedings of
the 2021 IEEE 21st International Conference on Solid-State Sensors, Actuators and Microsystems (Transducers), Orlando, FL,
USA, 20–24 June 2021; pp. 888–891.

26. Delaunois, F.; Vitry, V.; Bonin, L. (Eds.) Electroless Nickel Plating; CRC Press: Boca Raton, FL, USA, 2019; ISBN 9780429466274.
27. Ashkenazi, D.; Inberg, A.; Shacham-Diamand, Y.; Stern, A. Gold, Silver, and Electrum Electroless Plating on Additively

Manufactured Laser Powder-Bed Fusion AlSi10Mg Parts: A Review. Coatings 2021, 11, 422. [CrossRef]
28. Ghosh, S. Electroless Copper Deposition: A Critical Review. Thin Solid Films 2019, 669, 641–658. [CrossRef]
29. Hensleigh, R.; Cui, H.; Xu, Z.; Massman, J.; Yao, D.; Berrigan, J.; Zheng, X. Charge-Programmed Three-Dimensional Printing for

Multi-Material Electronic Devices. Nat. Electron. 2020, 3, 216–224. [CrossRef]
30. Shin, C.S.; Chang, Y.C. Fabrication and Compressive Behavior of a Micro-Lattice Composite by High Resolution DLP Stereolithog-

raphy. Polymers 2021, 13, 785. [CrossRef] [PubMed]
31. Li, J.; Zhang, Y.; Wang, P.; Wang, G.; Liu, Y.; Liu, Y.; Li, Q. Selectively Metalizable Stereolithography Resin for Three-Dimensional

DC and High-Frequency Electronics via Hybrid Additive Manufacturing. ACS Appl. Mater. Interfaces 2021, 13, 22891–22901.
[CrossRef]

32. Wang, P.; Li, J.; Wang, G.; Hai, Y.; He, L.; Yu, Y.; Wang, X.; Chen, M.; Xu, B. Selectively Metalizable Low-Temperature Cofired
Ceramic for Three-Dimensional Electronics via Hybrid Additive Manufacturing. ACS Appl. Mater. Interfaces 2022, 14, 28060–28073.
[CrossRef]

33. Wang, P.; Li, J.; Yang, J.; Wang, G.; He, L.; Zhang, H. Enabling 3D Multilayer Electronics through the Hybrid of Vat Photopolymer-
ization and Laser-Activated Selective Metallization. Addit. Manuf. 2023, 74, 103717. [CrossRef]

34. Wang, P.; Li, J.; Wang, G.; He, L.; Yang, J.; Zhang, C.; Han, Z.; Yan, Y. Hybrid Additive Manufacturing Based on Vat Photopolymer-
ization and Laser-Activated Selective Metallization for Three-Dimensional Conformal Electronics. Addit. Manuf. 2023, 63, 103388.
[CrossRef]

35. Wang, P.; Li, J.; Deng, L.; Liu, S.; Wang, G.; Huang, J.; Tang, X.; Han, L. Laser-Activated Selective Electroless Plating on 3D
Structures via Additive Manufacturing for Customized Electronics. Adv. Mater. Technol. 2023, 8, 2300516. [CrossRef]

36. Shacham-Diamand, Y.; Osaka, T.; Okinaka, Y.; Sugiyama, A.; Dubin, V. 30 Years of Electroless Plating for Semiconductor and
Polymer Micro-Systems. Microelectron. Eng. 2015, 132, 35–45. [CrossRef]

37. Xuan, N.; Chen, J.; Shi, J.; Yue, Y.; Zhuang, P.; Ba, K.; Sun, Y.; Shen, J.; Liu, Y.; Ge, B.; et al. Single-Atom Electroplating on
Two Dimensional Materials. Chem. Mater. 2019, 31, 429–435. [CrossRef]

38. ASTM D3359-09; Standard Test Methods for Measuring Adhesion by Tape Test. ASTM: West Conshohocken, PA, USA, 2009.

https://doi.org/10.1089/soro.2016.0032
https://www.ncbi.nlm.nih.gov/pubmed/28289574
https://doi.org/10.1016/j.ijsolstr.2015.02.020
https://doi.org/10.1016/S0266-3538(03)00266-5
https://doi.org/10.1016/j.mspro.2014.07.581
https://doi.org/10.1016/j.addma.2020.101222
https://doi.org/10.1016/j.compositesb.2019.107215
https://doi.org/10.1016/j.compositesb.2020.108057
https://doi.org/10.1016/j.ijmecsci.2023.108198
https://doi.org/10.1016/j.matt.2019.10.004
https://doi.org/10.3390/polym15244622
https://doi.org/10.1126/science.aaf2093
https://www.ncbi.nlm.nih.gov/pubmed/27708075
https://doi.org/10.1016/j.addma.2020.101117
https://doi.org/10.1021/acsami.0c21407
https://doi.org/10.3390/coatings11040422
https://doi.org/10.1016/j.tsf.2018.11.016
https://doi.org/10.1038/s41928-020-0391-2
https://doi.org/10.3390/polym13050785
https://www.ncbi.nlm.nih.gov/pubmed/33806422
https://doi.org/10.1021/acsami.1c01199
https://doi.org/10.1021/acsami.2c03208
https://doi.org/10.1016/j.addma.2023.103717
https://doi.org/10.1016/j.addma.2023.103388
https://doi.org/10.1002/admt.202300516
https://doi.org/10.1016/j.mee.2014.09.003
https://doi.org/10.1021/acs.chemmater.8b03796


Micromachines 2024, 15, 2 13 of 13

39. Zheng, Y.; Li, Y.; Dai, K.; Liu, M.; Zhou, K.; Zheng, G.; Liu, C.; Shen, C. Conductive Thermoplastic Polyurethane Composites with
Tunable Piezoresistivity by Modulating the Filler Dimensionality for Flexible Strain Sensors. Compos. Part A Appl. Sci. Manuf.
2017, 101, 41–49. [CrossRef]

40. Zheng, Y.; Li, Y.; Zhou, Y.; Dai, K.; Zheng, G.; Zhang, B.; Liu, C.; Shen, C. High-Performance Wearable Strain Sensor Based
on Graphene/Cotton Fabric with High Durability and Low Detection Limit. ACS Appl. Mater. Interfaces 2020, 12, 1474–1485.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.compositesa.2017.06.003
https://doi.org/10.1021/acsami.9b17173

	Introduction 
	Materials and Methods 
	Materials 
	VPP 3D Printing 
	Electroless Plating 
	Pretreatment of ELP 
	Electroless Nickel Plating Process 
	Electroless Copper Plating Process 

	Characterization 
	Demonstrator Design 

	Result and Discussion 
	Quality of VPP 3D Printed Lattice Structures 
	Experiments of Electroless Plating Process 
	Etching 
	Sensitization-Activation and Acceleration 
	Electroless Nickel Plating Process 
	Electroless Copper Plating Process 

	Characterization 
	Mechanical Strength 
	Adhesion Strength 

	Demonstrator 

	Conclusions 
	References

