
ELSP Biofunct. Mater. 

Jackson A, et al. Biofunct. Mater. 2026(4):0010 

 Copyright©2026 by the authors. Published by ELSP. This work is licensed under Creative Commons 

Attribution 4.0 International License, which permits unrestricted use, distribution, and reproduction 

in any medium provided the original work is properly cited. 

Article │ Received 6 August 2026; Revised 15 October 2026; Accepted 21 October 2026; Published XX October 2026 
https://doi.org/10.55092/bm20260010 

Architecture-controlled carbon nanotube/bottlebrush 

elastomer–silver nanowire-based multilayer composites  

for skin-interfaced applications 

Abby Jackson and Yuncheng Du* 

Department of Biomedical Engineering, University of Houston, Houston, USA 

* Correspondence author; E-mail: ydu20@uh.edu. 

Highlights: 

⚫ Engineer conductive composites with tunable structures for electromechanical sensing. 

⚫ Sandwich structures with varying AgNW interlayer configurations optimize conductivity. 

⚫ Balanced conductivity-sensitivity-compliance achieved by interfacial design. 

Abstract: Flexible conductive elastomers are promising biofunctional materials for skin-interfaced 

electronics, soft robotics, and mechanically compliant biomedical devices. However, approaches for 

tuning electrical transport and deformation-dependent response in conductive soft elastomer composites 

remain underdeveloped. We report architecture-controlled carbon nanotube/bottlebrush elastomer–silver 

nanowire (CNT/BBE–AgNW)-based multilayer composites with tunable thickness and interlayer 

configurations. CNT/BBE layers provide a soft conductive elastomer matrix, while AgNW interlayers 

introduce engineered conductive interfaces within the multilayer structure. Regular, thin, and 

double-sandwich architectures were fabricated to evaluate how through-plane transport distance and 

AgNW interface regulates electrical conductivity, mechanical coupling, and electromechanical behavior. 

Our results suggest that reducing thickness improved conformability, while using a double-sandwich 

AgNW architecture enhanced baseline conductivity and transport stability. Wearable bending 

demonstrations also showed that the regular architecture responded more favorably to localized finger 

bending, whereas the thin structure responded more strongly to distributed wrist bending because of 

enhanced conformal coupling. Frequency-dependent cyclic loading further showed that the composites can 

distinguish low-to-moderate-frequency mechanical inputs. These findings establish thickness and multilayer 

architecture engineering as promising design strategies to tune CNT/BBE-AgNW-based electromechanical 

materials for future skin-interfaced and soft biofunctional systems. 
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1. Introduction 

Flexible conductive elastomers are emerging biofunctional materials for skin-interfaced electronics, soft 

robotics, and mechanically compliant biomedical systems [1]. These materials are expected to combine 

electrical conductivity with mechanical flexibility, deformability, and conformal contact with biological 

or irregular soft surfaces. Unlike rigid or conventional materials [2,3], ultra-soft conductive elastomers 

maintain functional charge transport while undergoing bending, stretching, compression, and repeated 

contact deformation [4,5]. Achieving this combination remains challenging since conductive networks 

embedded in elastomer matrices rearrange under deformation, therefore leading to changes in resistance, 

signal drift, hysteresis, or unstable electrical response during repeated use [6–8]. 

A common strategy for making soft electromechanical materials is to incorporate conductive fillers 

into elastomeric matrices. For example, carbon nanotubes (CNTs), graphene derivatives, carbon black, and 

silver nanowires (AgNWs) have been used to form percolated conductive networks within soft 

polymers [7,9,10]. In these systems, electrical transport is governed by filler dispersion, conductive 

junction density, and tunneling distance [11,12]. Mechanical deformation changes the geometry and 

connectivity of the conductive network, which produces measurable resistance changes. This 

deformation-dependent resistance modulation is useful for wearable motion monitoring, human–machine 

interfaces, and soft robotic proprioception, but it also introduces challenges because conductive 

junctions can be disrupted, reformed, or displaced during repeated loading [13,14]. Therefore, material 

architectures that improve conductive-pathway continuity while preserving mechanical compliance are 

important for developing reliable soft electromechanical materials. 

Among various conductive fillers, AgNW networks have emerged as particularly attractive 

architectural approaches as they can form highly interconnected conductive pathways while maintaining 

flexibility. For example, AgNW-based flexible sensors demonstrated that nanowire density, junction 

quality, and percolation structure strongly affect sensitivity and electrical stability [15]. Engineered 

nanostructured interfaces, such as interlocking nanofiber structures, have also demonstrated that contact 

geometry and interfacial design can substantially affect electromechanical response [16]. Moreover, 

AgNW/polymer composite films have been investigated as stretchable electrodes and soft conductive 

layers, illustrating the broader role of AgNW networks as functional interfaces beyond conventional 

strain sensing [17]. 

While conductive networks affect charge transport, the elastomer matrix largely governs the 

mechanical compliance, stretchability, and conformability of base composite. Consequently, optimizing 

conductive fillers alone is insufficient and careful selection of elastomer matrix is equally important for 

the design of biofunctional materials. Recent studies have demonstrated that bottlebrush elastomers (BBEs) 

provide a promising matrix for ultra-soft biofunctional materials because of their low modulus, high 

compliance, and tissue-like mechanical behavior [18]. For example, polydimethylsiloxane (PDMS) 

based BBEs have been reported with Young’s modulus values below 1 kPa [18], including a pure PDMS 

BBE modulus of approximately 0.63 kPa, while conductive CNT/BBE composites with 0.4–0.6 wt.% 

CNT remained in the ultra-soft range with reported Young’s modulus values below 11 kPa [19]. These 

reported values support the use of BBE as an ultra-soft matrix platform, although direct mechanical 

characterizations of the CNT/BBE–AgNW multilayers remain needed. 
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Their molecular structure allows the formation of elastomeric networks that deform readily under 

small external forces, thus making them attractive for skin-interfaced and soft biomedical devices [19, 20]. 

However, while BBEs provide clear mechanical advantages, they can only act as electrical insulators 

without added conductive fillers such as CNTs [21]. Although various approaches have been developed to 

improve electrical properties of BBEs by incorporating conductive materials, controlling electrical 

transport in BBE-based conductive composites remains challenging [18,22]. In particular, through-plane 

charge transport across multilayer BBE-based systems has not yet been systematically studied. In this case, 

the effects of structural thickness, conductive interlayer placement, and multilayer architecture on electrical 

and electromechanical behavior of BBE-based composites remain insufficiently understood [19,20,22]. 

Additionally, although AgNW networks and BBEs have each demonstrated its significant advantages, 

integrating them into architecture-controlled conductive composites remains relatively unexplored. Prior 

studies on CNT/elastomer composites have shown tunable piezoresistive behavior through adjustments 

in filler concentration, network morphology, and elastomer composition [7,8]. AgNW-based elastomers 

have also shown stretchability, conductivity, and deformation-responsive resistance changes through 

percolating nanowire networks [9,10]. More complex sandwich structures combining CNTs, AgNWs, 

or other conductive networks have been reported in conventional elastomer matrices such as PDMS and 

related polymers [23]. However, these studies generally focus on device-level sensing performance or 

filler-network optimization, while the influences of multilayer architecture in regulating through-plane 

transport, conductive-interface density, and deformation-dependent resistance modulation in a soft BBE 

matrix remains insufficiently understood [24]. Considering that, the goal of this work is not to study the 

combination of individual uses of CNTs or AgNWs, nor from introducing a new sensing mechanism. Instead, 

the focus in this work lies in using multilayer architecture and AgNW interfacial placement as design 

variables to tune the conductivity–response balance in CNT/BBE-based soft electromechanical materials. 

The contribution in this current work thereby lies not in the individual use of CNTs or AgNWs to 

fabricate conductive materials, but in the architecture-controlled integration of soft CNT/BBE 

conductive matrix with AgNW interfacial network density. Specifically, this study fabricates and 

compares regular, thin, and double-sandwich CNT/BBE–AgNW multilayer composites to evaluate 

two architectural variables: composite thickness and interlayer configuration. These architectures allow 

comparison of how through-plane transport distance and conductive-interface number affect the 

baseline resistance and deformation-dependent resistance response. To establish a foundation for 

future device-level optimization of skin-interfaced biomedical sensors and soft electromechanical 

devices, this work focuses on materials design and architecture–property relationships rather than 

complete sensor validation. 

Using the fabricated materials, wearable finger- and wrist-bending tests are included as demonstrations 

of skin-interfaced material functionality rather than as complete sensor validation. These demonstrations 

provide examples of how architecture affects deformation-dependent resistance response under localized 

and distributed body motion. Frequency-dependent cyclic loading is also used to evaluate whether the 

composites can distinguish controlled mechanical inputs under low-to-moderate-frequency excitation. 

These studies together establish thickness and AgNW interface density as design parameters for tuning 

the conductivity–sensitivity balance in CNT/BBE-AgNW-based ultra-soft electromechanical materials. 

This architecture-guided materials design may support future skin-interfaced electronics, soft wearable 

interfaces, and flexible robotic proprioceptive systems. 
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2. Materials and methods 

2.1. Materials 

In this work, polydimethylsiloxane (PDMS; MCR-M11, Gelest) and crosslinker (DMS-R22, Gelest) 

were used to synthesize BBEs with azobisisobutyronitrile (AIBN, Sigma-Aldrich) as a thermal initiator. 

Additionally, single-walled CNTs (0.6 wt.%) were dispersed into precursors in order to make CNT/BBE 

composites, which were then cast, degassed, and thermally cured at 80 °C in a vacuum oven [22]. AgNW 

dispersed in isopropyl alcohol were used to prepare conductive interlayers between CNT/BBE layers for 

investigating how multilayer design affects electromechanical response. 

2.2. Preparation of CNT/BBE composite layers 

CNT/BBE composites were prepared through mixing PDMS and crosslinker at a molar ratio of 600:1 

with 2 mol.% AIBN based on previous literature optimization [20,22]. CNTs were added at 0.6 wt.% 

relative to the precursor mixture. In order to obtain a homogeneous dispersion while limiting premature 

curing or crosslinking, the resulting mixture was stirred magnetically for 90 min in an ice bath. The 

CNT/BBE precursor was further cast into PTFE molds, degassed under vacuum overnight, and thermally 

cured at a temperature of 80 °C for 12 h to form elastomer layers. 

Layer thickness was controlled during casting by adjusting the precursor volume. Thickness values 

were measured by using a digital caliper. Since the AgNW interlayers were nanoscale coatings relative 

to the millimeter-scale CNT/BBE layers, the total device thickness was primarily estimated by the 

CNT/BBE layer dimensions. 

2.3. AgNW interlayer deposition 

AgNW interlayers were deposited onto the cured CNT/BBE surfaces by spray coating. Before AgNW 

deposition, CNT/BBE substrates were treated with oxygen plasma to improve surface adhesion. AgNW 

suspensions with a concentration of 0.2 wt.% in isopropyl alcohol were sprayed using an airbrush at 

approximately 29 psi, a spray distance of approximately 12 cm, and a nozzle size of 0.8 mm [25]. Eight 

spray cycles were applied, with approximately 30 s between cycles to allow rapid solvent evaporation. 

After deposition, samples were annealed at 60 °C for about 10 min. 

2.4. Fabrication of multilayer composites 

CNT/BBE–AgNW sandwich composites were fabricated by stacking CNT/BBE layers and AgNW-coated 

interfaces. A small amount of uncured CNT/BBE precursor was also applied between layers as an 

adhesive interfacial bonding layer, which was followed by post-curing at a temperature of 80 °C for 1 h 

to promote bonding between stacked components. 

Specifically, Figure 1 illustrates the design and fabrication of CNT/BBE–AgNW sandwich 

composites with controlled thickness and interfacial architecture. Three configurations were prepared: 

a regular sandwich structure, a reduced-thickness thin structure, and a double-sandwich structure 

incorporating an additional AgNW interlayer (Figure 1a). These architectures were selected to 
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independently examine the effects of through-plane transport distance and conductive interface density 

on the electromechanical behavior of the fabricated CNT/BBE–AgNW composites. 

The overall fabrication process is also summarized in Figure 1b. In brief, CNTs were first dispersed 

into BBE precursors and cured to form conductive elastomer layers. AgNW networks were then deposited 

onto plasma-treated CNT/BBE surfaces by spray coating. The AgNW-coated CNT/BBE layers were 

subsequently stacked with additional CNT/BBE layers using a thin layer of uncured CNT/BBE precursor 

as an interfacial adhesive, followed by post-curing to promote bonding. The regular and thin structures 

contained one AgNW interlayer, while the double-sandwich structure contained two AgNW interlayers. 

The thin structure reduced the through-plane transport distance, whereas the double-sandwich structure 

increased conductive interface density while maintaining a total thickness comparable to the regular 

architecture. Electrical continuity was visually examined by LED illumination (Figure 1c), which helped 

confirm that conductive pathways were successfully formed across the multilayer structure. 

 

Figure 1. Architecture and fabrication of the CNT/BBE–AgNW sandwich composites. (a) Schematic 

of regular, thin, and double sandwich configurations; (b) Overview of the fabrication process; 

(c) Optical demonstration and confirmation of electrical conductivity. 

2.5. Morphological and compositional characterization 

The morphology and composition of the AgNW interlayer were first characterized before encapsulation. 

Scanning electron microscopy (SEM) was used to study surface morphology of CNT/BBE after AgNW 

deposition. Higher-magnification SEM imaging was collected and used to evaluate the formation of 

interconnected AgNW networks. Energy-dispersive X-ray spectroscopy mapping was used to identify 

elemental distributions of C, O, Si, and Ag within the interlayer region. Quantitative EDS analysis was 

used to confirm the presence of Ag from the nanowire network. Cross-sectional SEM was also performed 

after electromechanical testing to determine whether the multilayer structures remained mechanically 

integrated. Additionally, atomic force microscopy (AFM) was employed to quantitatively characterize 

and visualize the three-dimensional deposition of AgNW interlayer. 

(a) (c) 

(b) 
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2.6. Electrical characterization 

Baseline electrical properties were measured using a Keithley 2614B sourcemeter under a through-plane 

electrode configuration, which is schematically shown in Figure 2. The top and bottom electrodes in this 

configuration were placed on opposite surfaces of the hybrid materials, forcing current to pass through 

the multilayer architecture. In this way, this geometry was expected to enable the evaluation of vertical 

charge transport across the top and bottom CNT/BBE encapsulation layers and the AgNW interlayers. 

For characterization, a constant current of 100 μA was applied and the resulting voltage was 

recorded to estimate resistance. Electrical conductivity was estimated based on the baseline resistance 

and sample geometry using: 

𝝈 =
𝑳

𝑹 ∙ 𝑨
 (1) 

where 𝜎 represents the conductivity,  𝐿 defines the thickness of composites, 𝐴 is the electrode contact 

area, and 𝑅 denotes the measured resistance. The electrode contact area was 6.35 mm × 25 mm. 

Because the through-plane configuration may produce a non-uniform current path in the composites, 

the calculated resistivity and conductivity values therefore should be interpreted as apparent, geometry- and 

electrode-configuration-dependent comparative metrics rather than intrinsic material constants.  

 

Figure 2. Schematic of the through-plane electrode configuration for electrical and electromechanical 

measurements, illustrating the CNT/BBE layers, AgNW interlayer, and copper electrode placements. 

2.7. Electromechanical characterization 

To illustrate the potential applications of the multilayer CNT/BBE–AgNW materials, electromechanical 

sensing was performed and used for evaluation under finger and wrist bending. For wearable bending 

tests, CNT/BBE–AgNW composites were attached to the target joint region, and resistance was recorded 

in real time during repeated deformation and relaxation cycles. The normalized resistance change was 

estimated as: 

∆𝑹

𝑹𝟎
=
𝑹 − 𝑹𝟎

𝑹𝟎
 (2) 

where 𝑅 represents the measured resistance and 𝑅0 is the baseline resistance, defined as the average 

resistance over the initial stable region prior to mechanical loading. 

Finger and wrist bending experiments were performed using the same samples over three separate 

days with repeated bending cycles conducted during individual testing sessions. To improve the 

repeatability during manual bending and multi-day experiments, the sensor position was kept consistent, 

the bending displacement was standardized using a ruler as a guide, and the duration of flexed and 

CNT/BBE layer 

CNT/BBE encapsulation layer 
AgNW layer 

Copper electrode 

Copper electrode 
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relaxed states was timed during each cycle. Representative cycles are presented in the Results section 

below to compare waveform shape and signal amplitude. 

Due to the manual motion of finger and wrist testing, frequency-dependent dynamic loading was 

further performed using an Aurora Scientific 310C lever arm system (Aurora Scientific Inc., Ontario, 

Canada) operated in the displacement-controlled mode. These measurements were used to evaluate 

whether the CNT/BBE–AgNW composites could distinguish controlled cyclic excitation under different 

defined input frequencies. Testing was performed on the regular sandwich architecture using a sinusoidal 

displacement-control input with a programmed amplitude of 0.5 channel units. Since this programmed 

input was not converted to a calibrated physical displacement, results here should be interpreted as a 

representative dynamic input distinguishability experiment rather than comprehensive study that focuses 

on fully calibrated frequency-response measurements. 

Cyclic loading was applied sequentially at 1, 5, and 10 Hz for 10 s at each frequency, corresponding 

to 10, 50, and 100 cycles, respectively. A 5-s rest interval was included between frequency steps to allow 

partial baseline recovery. These frequencies were applied in increasing order here as an initial screening 

sequence to evaluate the response under progressively faster cyclic inputs. Because the frequency steps 

were applied consecutively in a fixed order, effects from incomplete viscoelastic recovery, baseline drift, 

or testing sequence cannot be fully excluded. Future studies should use calibrated physical displacement 

amplitudes, randomized frequency order, or extended recovery interval trails to systematically quantify 

frequency-dependent response. 

3. Results 

3.1. Morphology and compositional analysis 

The morphology and composition of the CNT/BBE based supporting layer and AgNW interlayer were 

examined before encapsulation using SEM and EDS. The SEM imaging of the CNT/BBE coated with 

AgNW demonstrates the composite surface (Figure 3a), appearing continuous and relatively uniform 

without large-scale aggregation. Furthermore, the SEM imaging reveals the underlying morphology of 

an interconnected AgNW network (Figure 3b). These interconnected nanowire pathways are important 

for the multilayer architecture as they are expected to increase conductive junction density across the 

CNT/BBE composite surface and support interfacial charge transport between elastomer layers. 

SEM-EDS elemental mapping was also used to confirm the spatial distribution of the composite and 

interlayer components. Quantitative EDS analysis further confirmed the presence of Ag in the interlayer 

region (Figure 3c). The C, O, and Si signals correspond to the CNT/BBE matrix, while the Ag signal 

confirms the presence of the AgNW layer (Figures 3d–g). Additionally, the Ag distribution was broadly 

dispersed across the imaged region, supporting the formation of a continuous conductive interlayer as 

illustrated in Figure 3g. 
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Figure 3. Morphology and composition of the AgNW interlayer prior to the top CNT/BBE layer 

encapsulation. (a) SEM image of CNT/BBE after AgNW deposition and (b) corresponding 

high-magnification view of the nanowire network; (c) Representative quantitative elemental 

composition; (d–g) EDS elemental maps of C, O, Si, and Ag, respectively. 

(a) 

(c) (b) 

(e) 

(f) (g) 

(d) 
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The SEM and EDS results collectively show that AgNW deposition forms an interconnected 

conductive network on the CNT/BBE surface. This morphology is central to the sandwich architectural 

design since the AgNW interlayer functions as an engineered conductive interface that can enhance the 

through-plane charge transport between CNT/BBE layers. 

As compared to the thickness of CNT/BBE layers that were controlled during the casting process 

by adjusting the volume of precursor solution, the AgNW interlayers were significantly thinner. 

Therefore, AFM was further used to evaluate the thickness and surface topography of AgNW thin film, 

and Figure 4 shows one set of characterization results. As can be seen, nanowire layer forms a coating 

with sub-100 nm of thickness, compared with the millimeter-scale CNT/BBE layers. Given that, 

variations in total composite thickness are primarily attributed to the CNT/BBE layers in this work, and 

the coated AgNW interlayers act as thin conductive interfaces within the multilayer architecture of the 

CNT/BBE-AgNW composites. 

 

Figure 4. AFM characterization of the AgNW interlayer. (a) Three-dimensional surface topography and 

(b) corresponding height profile, confirming a nanoscale thickness relative to the CNT/BBE layers. 

3.2. Baseline electrical properties 

The baseline through-plane electrical properties of the CNT/BBE–AgNW sandwich composites were 

first examined to determine how thickness and interfacial architecture affect charge transport. Figure 5 

compares the baseline resistance and calculated conductivity of the regular, thin, and double-sandwich 

configurations. The corresponding resistance, resistivity, and conductivity measurements are given 

in Table S1. 

As can be seen in Figure 5a, the regular structure, with an overall thickness of approximately 3 mm 

and one AgNW interlayer, exhibited the highest baseline resistance, with a mean value of ~6.6 KΩ. 

Reducing the thickness to approximately 2 mm substantially decreased resistance to ~3.04 kΩ. This 

reduction is consistent with a shorter through-plane transport distance and improved electrical 

connection between the top and bottom electrodes. The double-sandwich architecture showed the lowest 

resistance, around 2.02 kΩ, despite having a total thickness of approximately 3 mm. This result indicates 

that increasing the number of AgNW interlayers can improve through-plane electrical transport even 

without reducing the overall device thickness. 

The calculated conductivity followed the opposite trend in Figure 5b. The regular structure showed 

the lowest conductivity, while the thin and double-sandwich structures showed enhanced conductivity. 
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The double-sandwich architecture exhibited the highest conductivity, indicating that the use of additional 

AgNW interlayer provides more efficient conductive pathways across the multilayer structure. These 

results suggest that through-plane conductivity of the CNT/BBE-AgNW composites is determined not 

only by sample thickness but also by the number and placement of conductive interfaces. 

 

Figure 5. Baseline electrical properties of CNT/BBE-AgNW sandwich structures with varying 

thickness configurations. (a) Baseline resistance; (b) Calculated conductivity for regular, thin and 

double sandwich architecture measured under through-plane electrode configuration, and (c–e) I-V 

characterization of the regular, thin, and double sandwich structures, respectively. 

(a) (b) 

(c) I-V characterization of regular 

sandwich structure 

I-V characterization of thin 

sandwich structure 

(d) 

I-V characterization of double 

sandwich structure 

(e) 
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Since the through-plane electrode configuration may generate a non-uniform current path, the 

calculated conductivity values should be interpreted as comparative measures among these architectures 

rather than absolute intrinsic conductivities. Nevertheless, these trends suggest that reducing transport 

distance and increasing interfacial conductive density improve baseline electrical transport in multilayer 

CNT/BBE–AgNW sandwich composites. 

To further evaluate the electrical transport characteristics of the multilayer composites and to 

determine whether the measured resistance was stable over various currents, current-voltage (I-V) 

characterization was performed on fabricated composites in both unloaded and loaded states. The I-V 

characterization results are given in Figure 5c–e. During the test, the applied current was swept from 

−100 µA to +100 µA using a Keithley source-meter, and the resulting voltage was recorded for each 

architecture. As can be seen, both the unloaded and loaded states for the regular sandwich structure 

exhibited approximately linear I-V behavior over the tested current range (Figure 5c). Similar 

approximately linear behavior was observed for the thin and double-sandwich structures, although minor 

deviations from ideal linearity appeared near the ends of the testing current range in Figure 5d,e. 

The approximately linear I-V behavior indicates that the CNT/BBE-AgNW composite showed no 

strong voltage-dependent resistance within the tested range. The small deviations from ideal linearity 

may arise from contact effects, interfacial resistance, or non-uniform through-plane current pathways 

within the multilayer architecture. Therefore, while interfacial and contact-related effects may contribute 

to charge transport, the resistance and conductivity derived from Equation (1) are appropriate as stable 

comparative metrics for evaluating architecture-dependent electrical transport. 

3.3. Wearable bending tests and response analysis 

The electromechanical response of the fabricated CNT/BBE–AgNW composites was evaluated under 

cyclic finger and wrist bending to illustrate the architecture-dependent behavior under skin-interfaced 

deformation. The normalized resistance changes, ΔR/R₀, were recorded in real time to compare the 

regular, thin, and double-sandwich structures as shown in Figure 6. These bending tests were repeated 

using the same fabricated samples over multiple sessions, and representative cycles are shown to 

illustrate waveform shape and signal amplitude. 

During finger bending, as shown in Figure 6a–c, all three architectures produced repeatable resistance 

changes in response to deformation. The regular CNT/BBE–AgNW structure exhibited the largest ΔR/R₀ 

response, indicating high sensitivity to localized bending deformation. This larger resistance modulation 

is likely associated with greater reconfiguration of conductive pathways within the CNT/BBE–AgNW 

networks. Because the regular structure contains fewer conductive interfaces than the double-sandwich 

architecture, deformation-induced disruption or rearrangement of these conductive contacts can produce 

a larger relative resistance change. 

The thin structure showed a lower finger-bending response than the regular structure, while the 

double-sandwich architectural design showed the smallest response. This trend suggests that improved 

baseline conductivity may reduce the magnitude of relative resistance modulation. For example, in the 

double-sandwich structure, the additional AgNW interlayer likely stabilizes conductive transport by 

providing more parallel conductive pathways. Although this improves conductivity, it also reduces 

sensitivity to localized deformation because the network is less strongly perturbed by bending. 
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A different trend was observed during wrist bending in Figure 6d–f. The thin structure produced the 

largest wrist-bending response, followed by the double-sandwich and regular structures. This behavior 

may result from improved conformal contact and more efficient strain transfer in the thinner composite. 

Because wrist bending happens over a broader skin deformation region than finger bending, the reduced 

thickness of the thin architecture may therefore allow the CNT/BBE–AgNW composite to better follow 

the curvature of the joint. In contrast, the thicker regular and double-sandwich structures may experience 

less effective coupling to the wrist surface. 

Additionally, the resistance fluctuations during wrist bending were generally smaller than those 

observed during finger bending. This difference may arise from the larger deformation area and smoother 

bending geometry of the wrist, which produces more uniform deformation of the CNT/BBE–AgNW 

composites. Finger bending, by contrast, imposes more localized and geometrically constrained 

deformation, making the response more sensitive to local contact, sample placement, and conductive 

network rearrangement. 

 

Figure 6. Representative electromechanical responses of CNT/BBE-AgNW composites under 

cyclic bending: normalized resistance ch sanges (∆𝑅/𝑅0) during finger bending (a–c) and during 

wrist bending (d–f) for regular, thin and double sandwich configurations, respectively. 

To further quantify repeated wearable bending behavior, mean response amplitude was calculated 

from hundreds finger- and wrist-bending cycles, which is shown in Figure 7. The statistical analysis 

supports the architecture-dependent trends observed in the representative cycles shown in Figure 6: the 

regular structure showed the largest response during localized finger bending, whereas the thin structure 

showed the largest response during distributed wrist bending. Because Figure 6 presents representative 

cycles and Figure 7 summarizes peak amplitudes across repeated tested cycles, the absolute amplitudes 

are not identical. However, both analyses show consistent architecture-dependent trends. These results 

support short-term repeatability and response retention of the multilayer composites under the tested 

Finger bending—

regular structure 

Finger bending—

thin structure 

(c) 

(d) (e) (f) 

Finger bending—

double structure 

Wrist bending—

regular structure 
Wrist bending—

thin structure 

Wrist bending—

double structure 

(a) (b) 
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conditions, although extended automated fatigue testing over thousands of continuous cycles remains 

necessary to fully establish long-term durability. 

 

Figure 7. Quantitative repeated-bending analysis of the CNT/BBE–AgNW sandwich composites 

during finger and wrist tests. (a) Finger-bending analysis representing localized deformation, and 

(b) wrist-bending analysis representing distributed deformation over a broader joint curvature, 

where error bars represent cycle-to-cycle variation from repeated bending measurements. 

3.4. Frequency-dependent dynamic sensing response 

While wearable bending tests demonstrated the architecture-dependent responses of CNT/BBE-AgNW 

composites under skin-interfaced deformation, frequency-dependent loading was conducted to evaluate 

whether the multilayer composite materials could distinguish controlled cyclic mechanical inputs under 

defined excitation frequencies. These tests were conducted using the regular sandwich architecture under 

displacement-controlled loading with an Aurora Scientific lever arm system. 

As given in Figure 8a below, the CNT/BBE-AgNW composites exhibited distinguishable resistance 

responses across the tested frequency range. Because the real-time signal includes baseline drift 

associated with soft viscoelastic matrix, short 2 s windows were extracted from the middle of each 

frequency step and detrended using MATLAB to better visualize the dynamic waveform. However, 

because the tests at 1, 5 and 10 Hz were conducted consecutively in a fixed order, incomplete viscoelastic 

recovery between steps may contribute to observed baseline drift and apparent frequency-dependent 

amplitude differences. In addition, the programmed displacement-control input was not converted to 

calibrated displacement. Thus, these results are interpreted as a qualitative or semi-quantitative 

demonstration of dynamic input distinguishability rather than a fully calibrated frequency-response 

analysis. The detrended waveform segments in Figure 8a use the same y-axis scale, allowing direct 

comparison of the cyclic response at each frequency. The 5 Hz segment shows the clearest periodic 

waveform, while the 1 and 10 Hz segments show smaller or less regular cycle-to-cycle features. This 

behavior indicates that the response depends not only on loading frequency, but also on interaction 

between cyclic deformation, viscoelastic recovery, and conductive-network rearrangement. 

The mean resistance change response increased with loading frequency, as given in Figure 8b. This 

trend suggests that the CNT/BBE–AgNW based composite can distinguish dynamic mechanical inputs 

across the tested frequency range. However, since signal fluctuation and variation were observed for 

(a) (b) 
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individual frequency tested, the frequency-dependent response should be only interpreted as a 

qualitative or semi-quantitative indicator of dynamic input rather than an exact quantitative measure 

of waveform amplitude. These limitations are expected for soft viscoelastic conductive composites 

made of BBEs and highlight the need for future optimization of the multilayer composite for improved 

stability and signal recovery. Overall, these results support the potential use of CNT/BBE–AgNW 

architectures for low-to-moderate-frequency dynamic motion detection where relative changes in 

motion frequency or intensity might be more important than precise waveform reconstruction. 

 

Figure 8. Frequency-dependent sensing responses of the CNT/BBE-AgNW composites. (a) Dynamic 

resistance change (∆R/R0) of the regular CNT/BBE-AgNW composites under controlled cyclic loading 

at 1, 5, and 10 Hz, and (b) the mean ∆R/R0 response calculated for each frequency, showing an increasing 

response with frequency. 

3.5. Post-test interfacial integrity analysis 

To assess whether the multilayer architecture remained mechanically integrated after electromechanical 

testing, post-test cross-sectional SEM analysis was performed on the regular, thin, and double-sandwich 

CNT/BBE–AgNW composites. All samples had previously undergone wearable bending and dynamic 

loading tests described above. As shown in Figure 9, all three architectures exhibited continuous 

contact between adjacent CNT/BBE layers and AgNW-containing interfacial regions, with no visible 

interfacial gaps or delamination in cross-sections. These observations provide qualitative evidence that 

the plasma-assisted, precursor-mediated stacking method produced mechanically integrated multilayer 

structures that can remain intact under the deformation conditions evaluated in this study. This finding 

supports the interpretation that the observed architecture-dependent electrical responses arise primarily 

from differences in conductive pathway modulation, interface density, and mechanical coupling, rather 

than from gross interfacial failure during testing. 

(a) (b) 
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Figure 9. Cross-sectional SEM images of (a) regular, (b) thin, and (c) double sandwich architectures, 

collected post-electromechanical tests, suggesting continuous interfacial contact without delamination. 

(a) 

(b) 

(c) 
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3.6. Discussion 

The results suggest that structural thickness and conductive interface engineering are effective design 

parameters for regulating the electrical and electromechanical behavior of CNT/BBE–AgNW multilayer 

composites. Thus, the contribution in this study is the identification of architecture-dependent transport 

and electromechanical trends in CNT/BBE–AgNW multilayers, rather than the use of CNTs, AgNWs, 

or conventional piezoresistive sensing principles. The AgNW interlayers function as engineered 

conductive interfaces within the resulting ultra-soft CNT/BBE-based matrix, while the CNT/BBE layers 

provide the mechanical compliance and foundational conductive pathways. This combination allows the 

through-plane transport and deformation-dependent resistance response to be tuned through the 

multilayer architecture rather than only by changing fillers. 

Baseline electrical measurements suggest that both reduced transport distance and increased AgNW 

interlayer density improve through-plane conductivity. The thin structure lowered resistance by reducing 

the distance between electrodes, whereas the double-sandwich structure achieved the lowest resistance 

despite having a thickness comparable to the regular structure. This indicates that adding a second 

AgNW interface introduces additional conductive junctions and parallel transport pathways, improving 

electrical continuity across the multilayer composite. 

The wearable bending demonstrations show a trade-off between conductivity and deformation-induced 

resistance modulation. The regular structure produced the largest response during more localized finger 

bending, likely because its less redundant conductive network undergoes greater rearrangement during 

deformation. In contrast, the double-sandwich structure exhibited smaller relative modulation, consistent 

with improved conductive-pathway stability from the additional AgNW interface. The thin structure 

showed the strongest wrist-bending response, suggesting that reduced thickness improves conformal 

coupling to broader joint curvature and enhances strain transfer during distributed deformation. 

These results also highlight that the preferred architecture may depend on the specific deformation 

tests. A structure with fewer conductive interfaces may be more responsive to localized deformation, 

while a thinner structure may be more effective for conformal skin-interfaced motion. A structure with 

higher interface density may be preferred when lower baseline resistance and transport stability are 

prioritized. Thus, the CNT/BBE–AgNW multilayer system provides an architecture guided materials 

framework for tuning the conductivity–response balance in soft electromechanical composites. 

The dynamic loading results also suggest that the regular CNT/BBE–AgNW composite can 

distinguish low-to-moderate-frequency mechanical inputs. However, the observed signal fluctuations 

indicate that the present materials are better interpreted as qualitative or semi-quantitative dynamic 

indicators rather than precise waveform-reconstruction devices. These behaviors are consistent with the 

ultra-soft and viscoelastic nature of the BBE matrix, where polymer relaxation and conductive-network 

rearrangement occur during repeated deformation. 

While this study outlines an architecture-guided design framework for CNT/BBE–AgNW composites, 

several limitations should be noted. First, the structural variables are not fully independent. Reducing 

composite thickness changes both the through-plane transport distance and the mechanical compliance 

of the test sample, while adding an AgNW interlayer may also affect interfacial bonding, internal stress 

distribution, local deformation, and current pathways. Thus, the observed trends may be interpreted as 

architecture-level effect rather than isolated single-variable impact. Second, although direct mechanical 
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testing was not performed for the CNT/BBE-AgNW multilayer architectures, prior literature supports the 

use of BBE as an ultra-soft matrix platform. To provide additional context, Table S2 lists literature reported 

mechanical property of related PDMS-based BBEs and conductive BBE composites. Reported Young’s 

modulus values range from approximately 0.63 kPa for pure PDMS-based BBE to about 2.98–10.65 kPa 

for CNT/BBE hybrid composites [19,26]. These data may support the selection of BBE as a compliant 

matrix for skin-interfaced applications, but these values are literature benchmarks rather than direct 

measurements of the CNT/BBE-AgNW multilayer composites. Therefore, the conformability and 

strain-transfer interpretations should be viewed as architecture-based results supported by electrical 

response trends and literature reported compliance rather than direct mechanical measurements. Future 

study should quantify mechanical properties of each architecture to validate differences in 

compliance, stiffness, stretchability, hysteresis and strain transfer. Third, the conductive-network 

rearrangement mechanism is inferred from electrical response trends and post-test morphology rather 

than directly verified during deformation. Future in situ imaging or other real-time structural 

characterization might be used to observe CNT/AgNW junction evolution, interfacial contact changes, 

and conductive-network rearrangement during deformation. Finally, although the composite maintained 

cyclic resistance responses from the beginning to the end of hundreds of repeated manual bending 

sessions, as shown in Figure S1, this work does not include extended automated fatigue testing over 

thousands of controlled cycles. Therefore, long-term durability, viscoelastic drift, and cycle-induced signal 

decay remain to be evaluated in future studies using controlled bending angle, frequency, contact pressure, 

and cycle number. 

Overall, this study focuses on the architecture-oriented material design and reveals a clear 

architecture–property relationship of the CNT/BBE–AgNW sandwich composites. Future optimization 

and validation are needed before translation into application-ready skin-interfaced devices. For 

biomedical sensors and wearable applications, investigation in the future may include controlled 

mechanical testing, loading–unloading hysteresis analysis, extended fatigue tests, and improved signal 

stabilization. Nevertheless, the present results establish thickness and AgNW interface design as two 

practical tuning variables for engineering ultra-soft CNT/BBE-based electromechanical materials for 

skin-interfaced electronics, wearable soft interfaces, and soft robotic systems. 

4. Conclusion 

In this work, multilayer CNT/BBE–AgNW composites with controlled thickness and conductive 

interfacial architecture were fabricated as ultra-soft electromechanical materials. Comparison of 

regular, thin, and double-sandwich structures showed that through-plane electrical transport and 

deformation-dependent resistance response can be tuned by adjusting composite thickness and AgNW 

interface density. The double-sandwich structure exhibited the lowest baseline resistance, confirming 

the role of additional AgNW interfaces in enhancing charge transport. Wearable bending demonstrations 

showed architecture-dependent behavior: the regular structure responded most strongly to localized 

finger bending, whereas the thin structure exhibited the strongest wrist-bending response because of 

improved conformal contact. Repeated-bending and frequency-dependent tests also confirmed measurable 

cyclic responses and low-to-moderate-frequency input distinguishability. In summary, these results 

establish thickness and interface-density engineering as practical strategies for tuning ultra-soft 
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CNT/BBE-based conductive composites for future skin-interfaced electromechanical materials, wearable 

soft interfaces, and soft robotic proprioceptive systems. 
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