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ABSTRACT

Elastomers play a crucial role in capturing tactile information for vision-based tactile sensors (VBTSs), where they transduce
contact stimuli into elastic deformation. Different sensor architectures demand distinct elastomer properties, such as optical
transparency and mechanical hardness. Conventional forward design approaches, however, rely on iterative trial-and-error pro-
cesses from material preparation to final performance, making them inefficient and difficult to scale. Here, we present i-Tac, an
inverse design pipeline for tailoring the optical and mechanical properties of elastomers used in VBTSs. Inspired by the composite
structure of the human dermis, i-Tac leverages multi-material additive manufacturing with three distinct PolyJet 3D printing
resins. A mixture design methodology is first employed to characterise printed elastomers, generating response surface models
(ReSMs) that map material composition to functional properties. Based on user-specified target requirements, a desirability func-
tion is then applied for multi-objective optimisation, yielding an optimal operating window of compositions. This enables the
fabrication of elastomers with desired properties in a single iteration through monolithic manufacturing. Experimental validation
confirms the effectiveness of i-Tac for elastomer customisation and demonstrates its potential for the complete fabrication of
VBTSs with tailored performance.

1 | Introduction being the most representative metrics to facilitate tactile sensing.
Across different VBTS designs, the required elastomer properties
span a broad spectrum, ranging from soft to stiff [4-6] and from
optically clear to translucent [7-9]. This diversity necessitates tai-
loring of elastomer properties to meet the demands of various

application scenarios.

Elastomers provide compliance for flexible sensing and inherent
safety in physical interaction, which has been widespread used in
vision-based tactile sensors (VBTSs) [1]. Among them, silicone is
widely employed owing to (1) excellent deformability making it
ideal as an interaction medium, protecting devices from dam-

ages, and (2) broad tuneability with adjustable elasticity and col-
our by varying solution mixture ratio; casting temperature, time
and pressure; or additional chemical components. In VBTS,
external contact induces elastomer deformation under mechani-
cal stimuli [2]. The sensing mechanism subsequently converts
these interactions into measurable visual features, such as pixel
intensity variations and marker displacements [3], which are
captured by the embedded vision system. Consequently, the opti-
cal and mechanical properties of VBTS elastomer play a decisive
role in above mapping process, with transparency and hardness

However, the conventional mould-casting approach faces limita-
tions in property tailoring of silicone elastomers: (1) it is highly
sensitive to manufacturing variables, making it difficult to guar-
antee reliable elastomer property; and (2) it relies on a forward
design paradigm, where production must first be carried out, and
only after the real elastomer properties have been evaluated can
the manufacturing parameters be adjusted towards the desired
target. As illustrated in Figure 1A.a, this trial-and-error optimisa-
tion requires repeated prototyping, making the process cumber-
some and inefficient. Although the first limitation of mould
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FIGURE1 | (A)Comparison between forward design and inverse design paradigm in elastomer property tailoring. (a)/(b) Forward design requires

prototyping in advance of parameter modification, though additive manufacturing can accelerate fabrication. (c) Inverse design of i-Tac helps additive

manufacturing in rapid elastomer tailoring without iteration. (B) Challenges to be addressed in elastomer property tailoring.

casting may be alleviated by enforcing strict production standards,
the second is intrinsic to the forward design pipeline and thus rep-
resents the principal barrier to efficiency improvement. Although
physics-based or semi-empirical models can be employed to pre-
calibrate mould-cast elastomers for VBTS [10], this approach
requires blending silicone phases with similar curing conditions
and therefore offers limited flexibility for simultaneous multi-
objective property customisation. Finally, this limitation affects
VBTS fabrication not only by prolonging the development cycle
but also by introducing performance variability in the finished
products. By contrast, an inverse design paradigm, which predicts
necessary manufacturing parameters from desired properties, can
directly bypass the production in such initial stages. It is therefore
essential to establish inverse design-based strategies for tailoring
elastomer properties in VBTS applications.

Recently, additive manufacturing has been introduced into VBTS
fabrication [2] as a promising alternative that enables faster pro-
duction, with 3D-printed elastomers being investigated to the
same extent as mould-cast samples in tactile sensing [11].
Furthermore, studies such as [3, 12, 13] have explored the fabri-
cation of entire sensor contact modules in a single piece through
multi-material additive manufacturing, incorporating all sub-
components, including the elastomer. This approach enables the
rapid production of structurally complex VBTS designs. However,
most of these techniques primarily emphasise flexibility in shaping
elastomer geometries—such as structural dimensions or nested
configurations within the sensor—while research into tailoring
elastomer properties remains limited. Consequently, although
current additive manufacturing methods improve prototyping effi-
ciency, the customisation of 3D-printed elastomer properties, such
as transparency or hardness, still relies on repeated cycles of pro-
duction and modification within a forward design pipeline as
shown in Figure 1A.b.

To overcome these limitations, we seek to establish a new
approach inspired by biological principles. In human tactile
sensing [14], the skin functions as the primary medium, whose
physiological structure provides valuable insights for elastomer

design. In Figure 2A, skin exhibits a multilayered architecture:
(1) epidermis forms a thin protective layer of keratinocytes;
(2) hypodermis, composed mainly of adipose tissue, connects
to deeper muscles and bones; (3) between them lies the dermis,
which governs the skin’s mechanical behaviour. The dermis is
itself a composite of collagen fibres (70%), elastic fibres (4%)
and ground substance (20%), interspersed with mechanoreceptors
responsible for tactile sensing. Collagen fibres provide high stiff-
ness but limited extensibility, elastic fibres are both highly exten-
sible and elastic, and the fluidic ground substance is soft and
viscoelastic. The interplay of these distinct components gives rise
to the superior biomechanical properties of human skin, which not
only ensures robustness and adaptability under diverse mechanical
conditions, but also exemplifies how the integration of materials
with complementary properties can achieve functional perfor-
mance that surpasses any single constituent alone.

Motivated by this biological mixture principle, we propose to
achieve tailored elastomer performance for VBTSs by combining
3D print materials with complementary properties. As shown in
Figure 2B, three PolyJet printing (PP) materials are introduced:
Agilus30 Clear (AC)," TissueMatrix (TM),” and GelMatrix (GM).*
Specifically, (1) AC is a rubber-like material with a Shore hard-
ness of 30A and good transparency; (2) TM is much softer, with
tissue-like properties and moderate transparency; and (3) GM
exhibits gel-like characteristics with high fluidity. Following
the principle observed in the dermis of human skin, elastomers
printed through AC/TM/GM mixture design can span a wide
spectrum of mechanical and optical properties. As illustrated
in Figure 2C, monolithic manufacturing [3] maximise this poten-
tial through precise digital material assignment rather than man-
ually material preparation, providing an accurate voxel-level
mixing to realise above mixture design concept, akin to compos-
ite structure in dermis.

Merely introducing an AC/TM/GM mixture design is insuffi-
cient for property tailoring in VBTS elastomers, as analysed in
Figure 1B; users would still face the intractable task of forward
design paradigm between multiple target properties and
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FIGURE2 | (A) Physiological anatomy of human skin, where dermis layer consists of three distinct tissues. (B) Inverse design of tailoring elastomer
property based on (a) AC/TM/GM mixture design and (b) monolithic manufacturing. (C) Wide property range of AC/TM/GM mixture elastomers from

clarity to opaque, soft to rigid.

corresponding material compositions. To address this unsolved
research question, an inverse design approach is required to
enable efficient prediction from desired elastomer properties
to optimal mixture configurations, thereby allowing tailored elas-
tomers to be fabricated in a single batch (Figure 1A.c). The main
challenge of such prediction, however, lies in the relatively high
cost of elastomer property measurement, which constrains large,
scale dataset collection. In this regard, statistical approaches,
mixture experiment [15], ReSM [16] and desirability function
[17], offer suitable solutions, simultaneously satisfying both
requirements upon data efficient and interpretable to facilitate
elastomer property tailoring.

Then, our proposed inverse design pipeline is illustrated in
Figure 3. First, a mixture design space (MDS) is constructed

for the AC/TM/GM experiment, and the optical and mechanical
properties of the sampled mixtures are modelled using two
ReSMs (Figure 3A). Next, given the desired property targets with
above ReSMs, a desirability function is employed to perform
multi-objective optimisation. Finally, the resulting optimal mix-
ture design is translated into an operational window (Figure 3B),
which can be realised through monolithic manufacturing and
utilised as inverse-designed elastomer in VBTS (Figure 3C).

The main contributions of this work are as follows:

« We propose an AC/TM/GM mixture design using three
complementary printing materials in a multi-material addi-
tive manufacturing framework. The design is inspired by
the tissue-mixing mechanism of the human finger dermis.

AL Material Formulation B Property Tailoring C \ Monolithic Manufacturing
@ [ Mixture Design Space ] @ [ Desired Property Target ] | (™) | [Digital-Material Assignment]
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FIGURE 3 | i-Tac inverse design pipeline for elastomer property tailoring of VBTSs. (A) Material formulation, construction of response surface

models (ReSMs) mapping AC/TM/GM mixture designs to elastomer properties. (B): Property tailoring, identification of feasible operating windows
for 3D printing based on desired property targets using a desirability function. (C) Monolithic manufacturing, realisation of the inverse-designed elas-

tomer in sensor via multi-material printing.
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It significantly expands the achievable property range of
PolyJet 3D-printed elastomers, covering both optical trans-
parency and mechanical hardness.

« We propose an inverse design pipeline that directly maps
target properties to AC/TM/GM mixture design of 3D-
printed elastomers. This approach avoids the forward design
process and also ensures both interpretability and efficiency
of elastomer property tailoring.

« We employ monolithic manufacturing to fabricate real sam-
ples with minimal property deviation. The experimental
results validate the effectiveness of the proposed mixture
design and inverse design pipeline. This strategy narrows
the quality gap between 3D-printed sensors and convention-
ally fabricated VBTS products based on mould-cast silicone
and manual assembly.

2 | Related Work
2.1 | Manufacturing Methods for VBTS Elastomer

Existing fabrication approaches for VBTS elastomers fall into two
principal categories: mould casting and additive manufacturing
[1]. The majority of reported VBTSs employ the mould-casting
approach, encompassing both commercially available products
and lab-based prototypes [2, 4, 6, 7, 9, 18], as well as those pro-
duced by industry [19]. Despite its prevalence, mould casting is
constrained by dependence on moulds, laborious processing and
variability in product quality [12]. To overcome these limitations,
several studies have explored additive manufacturing techniques
for VBTS elastomers, such as direct ink writing (DIW) [11] and
PP [13]. Compared with DIW, which relies on a single printhead,
PP employs arrays of printheads with small nozzles, conferring
advantages in multi-material fabrication [3]. Based on that, for
the local voxel structure of 3D-printed elastomers, PP employs
digital material assignment to achieve precise blending of
multiple printing materials, with a ratio accuracy of 1%. Such
voxel-level mixing enhances homogeneity and mitigates the fluc-
tuations in product quality that are often observed in mould-cast
elastomers, where inaccuracies typically stem from manual
material preparation. However, PP is restricted to proprietary
PP materials rather than widely used commercial silicones,
thereby limiting flexibility in tailoring elastomeric properties.
Recently, monolithic manufacturing [3, 13] demonstrates PP
in achieving softer elastomers, but has to rely on multi-layer
grid structure. Based on this, our work advances monolithic
manufacturing in developing homogeneous elastomers via bio-
inspired multi-material fusion, thereby achieving a broader range
of properties.

2.2 | Inverse Design Methods for Desired Material
Property

In materials science, inverse design for achieving target mate-
rial properties can be categorised into four paradigms [20]: (1)
experiment-driven; (2) theory-driven; (3) computation-driven;
and (4) artificial intelligence (AI)-driven. Within additive
manufacturing, machine learning has emerged as a prominent
approach under the Al-driven paradigm, owing to its ability to
deliver accurate and instant predictions of printed material

properties [21]. Recent studies have explored data-driven inverse
design methods to tailor the mechanical behaviour of 3D-printed
metamaterials. Ha et al. [22] proposed a rapid inverse design frame-
work that reproduces high-fidelity stress-strain responses using
generative models. Chai et al. [23] developed a machine-learning
pipeline trained on finite element data to programme snapping
metamaterials with pronounced nonlinearities. However, data-
driven machine-learning approaches require large datasets and
are often less interpretable than explicit models [24]. This limita-
tion makes them impractical for VBTS elastomer design, where
data acquisition is expensive and labour-intensive. As an alterna-
tive, the statistical principles of mixture experiments [15, 25] enable
the optimisation of material properties with relatively few samples,
while also providing physical insight through explicit mixture
design. For instance, Gao et al. [26] applied mixture experiments
to investigate how proportional compositions of hemicellulose,
cellulose and lignin affect product distributions during hydrother-
mal treatment. Similarly, in additive manufacturing, Zhang et al.
[27] employed mixture experiments to optimise functional ink for-
mulations for aerosol jet printing, using response surface method-
ology and desirability functions to balance conductivity and
printability. Such an approach is well-suited to VBTS elastomer
design, as it facilitates explicit and efficient understanding of criti-
cal composition—property relationships.

3 | Methodology

For clarity, the principal symbols, abbreviations, and notations
used in the following methodology and experiments are summar-
ised in Table 1.

3.1 | MDS

Based on the concept of mixture experiment [15], our work can
be defined as a n component mixture problem (n=3):

OSLiniSUiSLizl,z,...,n (1)

where L; and U; denote the lower and upper bounds of each mate-
rial component x; due to printer settings, where x; € [0,100%],
X, € [0,80%],x; € [0,60%], also satisfying > " , x; =1, with each
component percentage restricted to integer values x; € {0%, 1%,
2%, ...,100%}. In general, the composition space of n compo-
nents corresponds to an (n—1)-dimensional simplex; thereby,
MDS of AC/TM/GM reduces to an equilateral triangle (x;,x,,x3),
represented as a ternary diagram in Figure 4A.

3.2 | Mixture Experiment
3.2.1 | Selected Samples

From MDS, a total of 19 mixtures can be obtained through
uniform sampling. Among these, c1 corresponds to the centroid
mixture, c2-c4 represent three-component mixtures, while the
remainder are binary mixtures. Owing to lower and upper
bounds of each material, t1, t5 and g2 are excluded as forbidden
mixtures, whereas g1 is isolated for GM optical testing due to its
distinctive fluidity. Consequently, 15 samples (al-a5, t2-t4, gl,
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TABLE 1 | Summary of terms used in this paper.

Term Definition
AC Agilus30 Clear
™ Tissue matrix
GM Gel matrix
X AC component (%)
X, TM component (%)
X3 GM component (%)
(1, %, %3) Mixture design space (MDS)
Y(x) Response surface model (ReSM)
Y, ReSM of transparency (%)
Y, ReSM of hardness (Shore 00)
Yi, Y3 Optimised ReSM after ANOVA
x(Y1,Y5) Feasible property space (FPS)
FPS (AC) x (Y1, Y5)
FPS (TM) x(Y1,Y5)
FPS (GM) x;3(Y1,Y))
NTB Nominal-The-Better desirability criteria
LTB Larger-The-Better desirability criteria
STB Smaller-The-Better desirability criteria
Tyi, Ty, Desired target of transparency/hardness
Wy, W, Weight for transparency/hardness
d(y) Desirability function to reach Ty
D(d(Y)...) Overall desirability function
(%1, %,,%3) Optimal mixture design
(Y,,Y5) ReSM prediction of (%;,%,,%3)
W ax Design operating window (+ Ax%)
Way Property operating window (— AY%)
W optimal Optimal operating window
{1 %2, %3)0 - - -5 (K1, X2, %3),}

Ry1, Ry, Real transparency/harness of elastomer
Errorl Error between Ty and Y
Error2 Error between Y and measured Ry

A Agilus30 Clear

(AC)

AC 100%  GM 0%

GM 100%

TissueMatrix TM 100% TM 80%
(TM)

TM 60% TM 40%
TM decrease

™ 20%

O
TM 0%  GelMatrix
(GM)

g3-g5, cl1, c2-c4) are selected for following mixture experiment,
with full details provided in Table 2 and illustrated in Figure 4B.

3.2.2 | Optical Property Experiment

To quantitatively analyse the optical transparency of the elasto-
mer, light transmission T as a function of wavelength 4 is intro-
duced, defined as the ratio of input to output light intensities:

T(2)= ©)

Based on the 15 mixture design samples, a total of 90 cylindrical
specimens were fabricated, each with elastomer thicknesses
dinick =3,6,9mm and a diameter of 10 mm, where a 1 mm sur-
face layer of VeroClear was added upon to ensure structural
rigidity. All specimens were subsequently placed in a microplate
and tested using a spectrometer with a scanning range of
A € [200,1000] nm, covering the ultraviolet (200-400 nm), visible
(400-700 nm) and infrared (700-1000 nm) regions. In addition,
multi-layer grid (SUP) [3, 13], VeroClear (VC) and pure air
(None) were included as baselines. As an illustrative case,
the measured transmission T(1) at dgpiq =3 mm is shown in
Figure 5A, demonstrating that the light transmittance of the elas-
tomers generally increases with wavelength, while exhibiting
marked variations across different mixture designs. Since T(A)
is too complex to be a concise indicator, therefore, T, is defined
for each mixture design as its light transmission at a particular
wavelength 1 for a given elastomer thickness dpi. As most
VBTSs are designed to operate with visible light sources, the opti-
cal properties within the 400-700 nm range are the most repre-
sentative for VBTS elastomers. Thereby, 4=700nm is selected,
as it provides the highest transmission of each mixture design
within the visible range (Figure 5B). On this basis, the relation-
ship between T,y and dy,; can be examined using the Beer—
Lambert law [28], which relates absorbance A, path length d,
extinction coefficient ¢ and concentration ¢ of an absorbing
substance:

—log,, (T)=¢cd ©)
B Agilus30 Clear
(AC)

E‘
!AGIT H

S R R R TissueMatrix GelMatrix

> v
I (TM) (GM)

FIGURE4 | (A)MDS of AC/TM/GM component, with centroid mixture (c1), 3-mixture (c2-c4), 2-mixture (al-a5, t2-t4, g3-g5), forbidden mixture
(t1, t5, g2) and special mixture (g1). (B) Fifteen samples (al-a5, t2-t4, gl, g3-g5, c1-c4) are fabricated for mixture experiment.
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TABLE 2 | Selected samples for mixture experiment.

Type Sample Mixture design x; X,  X3X3

2-mixture al AC10 100% O 0
a2 AC8/TM2 80% 20% O
a3 AC6/TM4 60% 40% O
a4 AC4/TM6 40% 60% O
a5 AC2/TM8 20% 80% O
t2 TM8/GM2 0 80% 20%
t3 TM6/GM4 0 60% 40%
t4 TM4/GM6 0 40% 60%
g3 AC4/GM6 40% 0 60%
g4 AC6/GM4 60% 0 40%
g5 AC8/GM2 80% 0 20%

3-mixture cl A3/T3/G3 33%  34% 34%
c2 A5/T2/G2 50% 25% 25%
c3 A2/T5/G2 25% 50% 25%
c4 A2/T2/G5 25% 25% 50%

By setting the path length d equal to dy;;,x and introducing a bias
transmission Ty, measured from pure-air baseline, the absor-
bance of mixture design and opacity density per unit thickness
can be mathematically expressed as:

Amix= = 10810(Tmix + (1 = Tvias)) = Copacity thick 4)

10210 (Tnix + (1 = Thias))
dinick

(5

Copacity =

Finally, copacity Characterises the effective ‘opacity density per unit
thickness’ of the mixture design samples. As shown in Figure 5C,
Copacity &t dinick = 3 mm exhibits a more uniform distribution com-
pared with the clustered convergence observed at 6 mm and
9 mm, indicating improved differentiation of the mixture design
characteristics.

3.2.3 | Mechanical Property Experiment

Similarly, Shore 00 hardness is employed to characterise the
mechanical properties of the mixture designs. In contrast to the
optical specimens, larger specimens with a diameter of 30 mm
and a thickness of 12mm were fabricated for the mechanical
experiments. For each sample, five hardness measurements were
uniformly collected from the surface using a Shore 00 durometer,
yielding a total of 75 data points across 15 mixture designs. The
results are presented in Figure 5D, which reflect a linear relation-
ship between elastomer hardness and the mixture compositions.

3.2.4 | Mixture Experiment Result

As shown in Figure 6A, transmission T',;, = T(700nm) is recorded
as the optical transparency data of mixture design sample (dpix =
3mm), representing its most clarity within visible light range.
Furthermore, using such a single representative wavelength is
appropriate for VBTS, where illumination prioritises overall
transmittance rather than detailed spectral shaping. From
Figure 5A, the mixtures exhibit near-linear, monotonic spectra

with a peak transmittance around 700 nm. Therefore, the single-
wavelength metric preserves the relative ordering of candidate
materials for VBTS selection. As shown in Table 3, it can be fur-
ther corrected as unbiased transparency by T, of pure-air mea-
surement. From Figure 6B, Shore 00 is selected as the mechanical
property metric since AC/TM/GM mixtures substantially extend
hardness beyond beyond Shore A measurement range. Based on
these two criteria, example results of mixture experiments are
illustrated in Figure 6C and detailed in Table 3. With respect
to optical properties, all AC/TM mixtures exhibit a high transpar-
ency of 70-80%, whereas TM/GM mixtures show significantly
reduced transmission, ranging from 30% down to 15%. Other
designs, such as AC/GM and three-component mixtures, rapidly
become opaque, with transmission falling below 10% or
approaching zero. Regarding mechanical hardness, values
decrease linearly from Shore 00-85 to 00-40 as AC fraction is
reduced from 100% to 20%, a trend also observed for AC/GM mix-
tures. The addition of TM or GM further softens the samples com-
pared with AC-based designs, with TM/GM mixtures reaching as
low as Shore 00-30 or even 00-20. Collectively, these results dem-
onstrate that AC/TM/GM mixtures can expand the accessible
range of both optical and mechanical properties of printed elas-
tomers, highlighting their strong potential for inverse design in
property tailoring.

3.3 | ReSM
3.3.1 | Quadratic Regression Formulation

Based on the experimental data summarised in Table 3, a ReSM
is employed to perform regression fitting for transparency and
hardness, thereby extending the limited sample measurements
from MDS to the full property prediction surface. In particular,
the cubic Scheffé model [29] is adopted to characterise the rela-
tionships between transparency/hardness (Y;/Y,) and the vol-
ume fractions of the mixture design components (x;,X,,X3):

n n n
Yo=Y B+ ) Bpxg + ) Bixxpx. (6)
i=1

1<i<j 1<i<j<k

where n =3 corresponds to AC/TM/GM components, m € [1,2]
represents the transparency/hardness properties and # denotes
the regression coefficients. The terms x;, x;x; and x;x;x; represent
the main effects (AC, TM, GM), the two-way interactions (AC/
TM, AC/GM, TM/GM) and the three-way interaction (AC/TM/
GM), respectively. The regression coefficients f are estimated
using the ordinary least squares (OLS) method:

= arg mﬁinl\y—XﬁH2=(XTX)‘1XTy (M
Based on the fitted parameters B, the regression models for trans-
parency (Y;) and hardness (Y,) are obtained as follows:

Y, =82.5x; +71.9x, +110.6 x5 +27.1 x1x, — 362.1 X, X3
—233.2x,%x3 —167.6 X1X,X3

®)

Y,=833x; +28.1x, —9.2x3+23.9x,x, + 68.7x1X3 ©)
9

+49.6 ;X3 + 57.1 X1X,X3
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A Light Transmission vs Wavelength (3mm)
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FIGURES5 |

(A) Light transmission per wavelength of mixture design samples with 3 mm thickness. (B) Light transmission at 700 nm with different

sample thickness. (C) Opacity density per unit thickness. (D) Mechanical hardness of mixture design samples.

3.3.2 | ANOVA for Model Optimisation

Analysis of variance (ANOVA) is applied to refine the initial
regression models Y; and Y, by removing independent factors
with negligible influence on the dependent variables, as summar-
ised in Table 4. For Y, the p-values of x,, and x;,; are signifi-
cantly higher than those of the other terms, indicating that the
AC/TM and three-way interactions have limited impact on

optical transparency and can thus be omitted. Similarly, in the
case of Y, the terms x5 and x;,; yield the largest p-values, sug-
gesting that GM and the three-way interaction contribute less to
mechanical hardness. Two optimised regression models, Y5 and
Y3, are therefore proposed, with their performance evaluated in
Table 4. For Y3, model simplification by excluding x;, and x;,3
results in lower RMSE (greater predictive accuracy), higher R* or
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FIGURE 6 | (A) Transparency metrics in optical mixture experiment. (B) Hardness metrics in mechanical mixture experiment. (C) Experiment

results in terms of optical transparency and Shore 00 hardness, where selected mixture design samples both show wide property ranges.

TABLE 3 | Mixture experiment results of transparency/hardness.
Mixture Unbiased Hardness
design transparency (Shore 00)
AC10 83.06% 84.8
AC8/TM2 85.25% 73.4
AC6/TM4 81.23% 68.0
AC4/TM6 87.59% 55.4
AC2/TM8 79.56% 43.2
TM8/GM2 39.61% 28.6
TM6/GM4 32.83% 24.8
TM4/GM6 39.19% 19.2
AC4/GM6 9.78% 44.8
AC6/GM4 9.85% 63.4
AC8/GM2 31.24% 73.6
A3/T3/G3 42.73% 494
A5/T2/G2 10.84% 68.6
A2/T5/G2 21.66% 47.6
A2/T2/G5 12.62% 38.0
GM10 67.79% Gel-like
vC 81.3% Rigid
SUP 30.46% 68.0
Pure air 100.0% -

adjusted R? (indicating improved variable selection) and lower
AIC/BIC (more concise formulation). In contrast, Y% achieves
greater simplicity (lower AIC/BIC) but suffers from reduced pre-
diction accuracy (higher RMSE) when omitting x; and x,,3. Since
GM plays a critical role, x; is reintroduced, leading to improved
regression precision compared with the initial Y,. The final opti-
mised models are thus denoted as Y;* and Y,*:

Y =85.1x; +78.8X, +124.2x5 —399.1X;x; —281.6X,%;  (10)

Y5 =82.5x; +26.2x, —13.7x3 + 31.6 X1 X, an
11

+ 81.0XIX3 +65.1 X7X3

3.3.3 | ReSM Analysis

Based on ANOVA optimisation results, two corresponding ReSMs,
Y, =Y3(x;,%,5,%3) and Y, =Y3(x;,x,,%3), are respectively con-
structed to enable an intuitive material property formulation from
mixture designs x;/x,/x; to elastomer properties Y,/Y,, with
their 2D contour maps illustrated in Figure 7. For the transparency
ReSM (Figure 7A), its response surface exhibits a non-monotonic
variation: higher proportions of AC (x,) and TM (x,) generally lead
to greater transparency (Y,) of the printed elastomer. Moreover,
when the GM (x3) content remains below 10%, Y; consistently
exceeds 55%. In contrast, the hardness ReSM (Figure 7B) presents
a more homogeneous distribution. The vertex occurs at pure AC
(x; =100%), and hardness gradually decreases along the axis
extending towards TM/GM (x,/x3). The softest region of Y, lies
along the TM/GM edge, indicating an inverse relationship between
hardness Y, and the AC fraction (x;).

334 | FPS

To lay the foundation for subsequent inverse design tasks, three
FPSs are investigated, x;(Y,Y,), (Y, Y,) and x53(Y,,Y,),
which reversely maps from Y,/Y, to x,/x,/x;, as illustrated
in Figure 8. It characterises the overall property distribution of
mixture designs, whose outline represents the inverse design
boundary. Furthermore, the UV-cured nature and partially over-
lapping property ranges of AC, TM and GM promote smooth
property variation with mixing ratio, supported by the near-
linear hardness trends observed at the feasible space boundaries
(Figure 5D). In addition, the convex combination formulation of
the mixture design physically bounds the achievable properties
within the envelope defined by the pure constituents. This con-
straint reduces the risk of unexpected discontinuities. A larger
FPS area indicates broader elastomer properties achievable
through mixture design, thereby providing greater inverse design
generalisability. As shown in Figure 8, the overall FPS exhibits an
irregular property envelope with a parallelogram-shaped region
on the right, indicating that the range of Y, between 40% and 80%
and Y, between Shore 00-40 and 00-80 can be largely attained
through appropriate combinations of x; /x,/x;. In contrast, the
left region of the FPS forms a triangular cone, reflecting the
difficulty of achieving either ultra-hard or ultra-soft properties
in opaque mixtures. Moreover, the lower portion of the FPS
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TABLE 4 | ANOVA optimisation of response surface model.
Y, Yy Y, Y3(—%3) Y3 (+x3)

F P F P F P F P F P
bel 73.992 <0.0001 150.149 <0.0001 1018.021 <0.0001 1199.306 <0.0001 1288.709 <0.0001
X, 15.207 0.0045 73.575 <0.0001 31.445 <0.0001 44.940 <0.0001 43.334 0.0001
X3 6.452 0.0347 14.487 0.0034 0.603 0.4597 — — 2.085 0.183
X12 0.194 0.6712 — — 2.029 0.1921 5.651 0.0388 6.983 0.0268
X13 13.059 0.0068 34.690 0.0002 6.357 0.0357 37.341 0.0001 16.697 0.0027
X3 3.836 0.0859 15.179 0.0030 2.347 0.1641 9.994 0.0101 8.531 0.0170
X123 0.294 0.6021 — — 0.461 0.5159 — — — —
RMSE | 10.605 9.664 2.886 2.946 2.798
R*7 0.979 0.978 0.999 0.998 0.998
Adj. R? 1 0.960 0.967 0.997 0.997 0.997
AIC | 117.980 114.540 78.935 78.902 77.777
BIC | 122.936 118.080 83.892 82.442 82.026

Note: ‘Y5(—x;)’ represents Y3 without x;; Y3 (+x3)’ indicates Y3 with reintroduced x;.
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FIGURE 7 | (A) Transparency ReSM for mixture designs. (B) Hardness ReSM for mixture designs.
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FIGURE 8 |
lower hardness area. (C) FPS(GM), x;(Y,,Y,), effects more in lower clarity

presents an irregular triangular shape, suggesting that the gen-
eralisability of Y, is more constrained when Y, falls below
Shore 00-40. Further insights into FPS can be obtained by ana-
lysing the roles of x;, x, and x; individually. For FPS(AC)
(Figure 8A), its primary influence is observed in the upper half

Transmission (Y1, %)

Transmission (Y1, %)

Feasible property space (FPS). (A) FPS(AC), x;(Y;,Y,), effects more in higher hardness area. (B) FPS(TM), x,(Y;,Y,), effects more in

and ultra-soft area.

of the FPS, where higher x; values correspond to higher Y,.
Notably, the full Y, range (5-80%) can be covered when x; is
between 40% and 50%. By contrast, FPS(TM) (Figure 8B) mainly
governs the lower FPS region, where larger x, values lead to
softer Y,. Additionally, the gradients of both x; and x, align
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nearly parallel to Y, indicating that their variations contribute
less significantly to transparency. Finally, FPS(GM) (Figure 8C)
dominates the left side of the FPS, where x; remains below 15%
whenever Y, > 40%, confirming that GM strongly induces opacity.

Y; - Uy,
dsre(Yi) = (LY _Uyy_
1

0, Yi<Ly,
Yi-Ly,
durp(Yi) = (in,Ly;)r, Ly, <Y; < Uy, (13)
]_, Yi > UY(’
0, Y;> Uy,

)\ Ly, <Yi<Uy, 14)

3.4 | Inverse Design for Property Tailoring

The inverse design method for tailoring elastomer property is
illustrated in Figure 9, which will be introduced as follow:

3.4.1 | Desirability Function

Given the desired property of both (Ty,, T'y,), desirability function
approach [17] is employed to address multi-objective optimisation
to locate optimal mixture design of (£;,%,,%3). It evaluates both
responses through a common scale of desirability, where three cri-
teria are typically used: (1) Nominal-The-Better (NTB), (2) Larger-
The-Better (LTB) and (3) Smaller-The-Better (STB).

For NTB, the objective is to bring the response value Y; as close as
possible to a predefined target Ty,, with desirability dyrp(Y;)
decreasing as the response deviates from this target. In contrast,
LTB and STB impose one-sided preferences: LTB aims to maxi-
mise the response value Y; (towards an upper bound Uy,), while
STB aims to minimise it (towards a lower bound Ly, ). To facilitate
intuitive inverse design, a comprehensive guideline for selecting
desirability criteria is summarised in Table 5. In total, nine cri-
teria guidance are provided to accommodate diverse design
objectives, covering a broad spectrum of elastomer property
requirements. Specifically, when users aim for a well-defined
specification on both transparency and hardness, the NTB/NTB

0, Yi<LyorY;>Uy, (Id-1) is recommended, as it identifies a crossover point that
Y, —L r . . . .
3 i~ Ly, Ly <Y;<Ty simultaneously satisfies both targets. If the design goal is to max-
dnrp(Yi)=q \Ty, -1y, ) ° = oh= e (12) .. . .. o
Uy -Y; \7 imise one property while constraining the other to a fixed indi-
T : T , Ty <Y; < Uy, .
v =Ty i i cator, then NTB/LTB or NTB/STB (Id-2/3/4/7) are suitable
A B C D E F G
[ Transparency ReSM ] = =
1 Feasible Property Property Operating
Transparency Transparency Desirability [ Space (x(Y)) Window((Way) ] ) X
Target Criteria (c | Monolithic |
-AY% | Manufacturing
[ Transparency Weight (1) ] - l 4
. . Desirability Function Optimal Mixture Optimal Operating Property Prediction ( Real Product Property'\
[ Ll DS S 1) ]‘“ '[ (D(A(Y(x)),w)) >\ Design (x"1,x°2,x3) | | Window (Wopiima)) | 2| {(Y™M,YA2)..} ] | J
[ Hardness ReSM (Y2(x)) J
+Ax%
[ Hardness ] [ Hardness Desirability ]
Target (Tv2) Criteria (d2(Y2)) rm)perating
[ Hardness Weight (w2) ] - indowieD)
Desired Elastomer Inverse Design Multi-Objective Optimal Inverse Optimal Inverse Property Prediction Property Evaluation
Property Conditions Optimization Design Design Window of Inverse Design of Inverse Design
L 11 i}
Inverse Design Error 1 Inverse Design Error 2
FIGURE 9 | Inverse design methodology for tailoring elastomer property. (A) Desired elastomer property. (B) Required material formulations and

user preference. (C) Multi-objective optimisation between different property targets. (D) Optimal inverse design. (E) Optimal inverse design window for
elastomer fabrication. (F) Property prediction of inverse-designed elastomer. (G) Real evaluated property of elastomer product.

TABLE 5 | Desirability criteria guideline for inverse design for tailoring elastomer property.

Guidance Id  Y,criteria Y ,criteria

Tailoring elastomer property

Inverse design application

Id-1 NTB NTB Specific elastomer transparency and hardness Targeted elastomer
customisation
1d-2 NTB LTB Hardest elastomer based on a specific transparency Hardness optimisation
1d-3 NTB STB Softest elastomer based on a specific transparency Hardness optimisation
1d-4 LTB NTB Clearest elastomer based on a specific hardness Transparency optimisation
1d-5 LTB LTB Clearest and hardest elastomer Ultra-rigid clear elastomer
1d-6 LTB STB Clearest and softest elastomer Ultra-soft clear elastomer
1d-7 STB NTB Most opaque elastomer based on a specific hardness  Transparency optimisation
1d-8 STB LTB Most opaque and hardest elastomer Ultra-rigid opaque elastomer
1d-9 STB STB Most opaque and softest elastomer Ultra-soft opaque elastomer
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choices. Finally, LTB/STB (Id-5/6/8/9) are most appropriate for
users seeking the property boundaries of mixture design. Once
the desirability functions (d;, d,) are selected as (Ty,, Ty,),
respectively, the overall desirability function D [17] can be for-
mulated as:

2 l/zwi
D(Ty,, Ty,) =D(d,(Y1),d,(Y>)) = (H di(Yi)wi> (15)

where w; € [wy,w,] denotes user-defined weights assigned to
criterion of (d;,d,), allowing preference adjustment between
(Ty,> Ty,) in cases of objective optimisation conflict. In this
way, independent targets Ty, are unified under a single formu-
lation D, parameterised by user-defined criteria d; and weights
w;. Then, optimisation task becomes finding the maximum value
of D, which yields the optimal composition (%;,%,,%3) [17]:
X1,%5,%; = arg max D(Ty,, Ty,)

X1,X2,X3

1
= arg max (T2, di(¥i(x1,30,%3))" ) 2" (16)
s.t. in:]_’ ZW1=1

0§x1 Sl,OSX2 SO.S,OSX3 SO.6

3.4.2 | Optimal Operating Window

Although the desirability function enables multi-objective opti-
misation, its single optimal solution (%;,%,,X;) is generally
obtained as floating-point percentages. Such fractional composi-
tions cannot be directly implemented on a printer for monolithic
fabrication. To enhance practical feasibility, it is therefore neces-
sary to explore a set of near-optimal solutions with integer-valued
compositions. For this purpose, we introduce the optimal oper-
ating window approach.

As illustrated in Figure 10A, the first step is to locate the optimal
solution (%,%,,%;) in the MDS. Around this point, floating
thresholds (= Ax%) are applied to each component, thereby gen-
erating a design operating window W ,,. In parallel, within the
FPS (Figure 10B), the corresponding ReSM predictions (Y, Y,)
of (%,,%,,X;) are taken as benchmarks, where a tolerance margin
(—AY%) is then applied along its descending gradient of the
desirability function AD, yielding a property operating window

W Ay. Finally, the intersection of W,, and W, defines optimal
operating window Wpmq in FPS. As shown in Figure 10C,
W optimar CONtains i set of integer-percentage designs{(%;,%,,%3)o,
.., (®1,%,,%3);}, which can be then employed for monolithic
manufacturing.

3.4.3 | Inverse Design Error Analysis

To evaluate the proposed method in Figure 9, we introduce the
concept of the inverse design error, which is composed of two
components:

1. Errorl: defined as the discrepancy between the desired elas-
tomer property (Ty,,Ty,) and the corresponding property
prediction from ReSM, {(Yl, Yz)o, R (171, 172)1-}, based on
optimal operating window {(%1,%,,%3)g, - - -, (1, %5, %3); }.

2. Error2: defined as the deviation between the ReSM-pre-
dicted properties, {(Y1,Y5),, ..., (Y1, Y5);}, and the exper-
imentally evaluated properties of the 3D-printed elastomer,
{(Ry,,Ry,)ys - - (Ry,, Ry,) }.

Specifically, Errorl assesses the outcome of the multi-objective
optimisation based on the desirability function when a property
tailoring target is specified (Figure 3B). This enables an evalua-
tion of whether the chosen desirability criteria and weight
parameters lead to an optimal mixture design consistent with
user-defined preferences. By contrast, Error2 serves to evaluate
the generalisation capability of the ReSM in material formulation
(Figure 3A). In this case, for a given mixture design, the greater
the predictive accuracy of the ReSM, the closer the realised elas-
tomer properties will be to the predicted values, thereby reducing
Error2.

4 | Experiment

As illustrated in Figure 3, the proposed i-Tac pipeline provides
three principal advantages: (1) it introduces an AC/TM/GM mix-
ture design strategy to expand the feasible material property
space of 3D-printed elastomers; (2) it establishes an inverse
design framework for systematically tailoring the properties of
mixture-designed elastomers; and (3) the PolyJet-based mono-
lithic manufacturing approach enables direct fabrication of
complete VBTS contact modules, thereby simplifying the produc-
tion workflow and improving manufacturing efficiency. In this

A Design Operating Window in Mixture Design Space B Property Operating Window in Feasible Property Space C Optimal Operating Window
Mixture Design Space AC 80 @ Best Point 80 @ Best Point
® Design Operating Window <> Property Operating Window Feasible Property Space
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S = =
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FIGURE 10 | (A) Design operating window W,, with user-defined + Ax%. (B) Property operating window W,y with user-defined —AY%.
(C) Optimal operating window W yima1, defines i set of integer-percentage designs {(x;,X5,X3)g, - - - (X1,%2,X3);} for subsequent printing.
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section, a series of experiments are conducted to validate the
aforementioned advantages.

4.1 | Material Property Evaluation of Mixture
Designs

4.1.1 | Material Properties for Tactile Sensing

As shown in Figure 11A, multiple material properties of VBTS
elastomers critically influence tactile sensing performance: (1)
hardness characterises the resistance of an elastomer to surface
indentation; (2) Poisson’s ratio quantifies the volumetric change
during deformation; (3) the elastic modulus reflects the resis-
tance to bulk deformation under tensile or compressive loading;
and (4) hysteresis describes the recovery behaviour when the
external load is removed. To systematically analyse these factors,
we establish the evaluation pipeline illustrated in Figure 11B.
This framework enables comparative assessment among 3D-
printed mixture designs and in comparison with mould-cast sili-
cone elastomers.

For benchmarking purposes, five commercial silicone products
widely adopted in VBTS research [1] are included, covering a
broad spectrum from transparent to opaque and from ultra-soft
to relatively stiff materials: (1) Ecoflex 00-31 and 00-45:" ultra-soft,
platinum-cured silicones with excellent optical clarity, curing at
room temperature within approximately 4 h, with Shore 00-31
and 00-45 hardness, respectively; (2) DragonSkin 20 and 30: opa-
que, platinum-cured silicone rubbers with high tensile strength,
curing at room temperature within 4-16 h, with Shore 20A and
30A hardness; (3) SORTA-Clear 40:° a near-transparent, platinum-
cured silicone rubber, curing at room temperature within approx-
imately 16 h, with Shore 40A hardness.

The results of the tensile and compression evaluations are pre-
sented in Figure 12A,B, with detailed experimental procedures
provided in Appendix A. For tensile behaviour, commercial sil-
icones typically exhibit elastic moduli in the range of 50-350 kPa.
In contrast, conventional PolyJet elastomers such as AC and SUP

show comparatively high stiffness (450 kPa and 270 kPa, respec-
tively). By employing the proposed mixture design, the effective
modulus range of 3D-printed elastomers is expanded to approxi-
mately 100-250 kPa. Meanwhile, tensile hysteresis is substantially
reduced from 0.3-0.6 to 0.05-0.3, approaching the 0.05-0.1 range
commonly observed in commercial silicones.

A similar trend is observed under compression. The mixture
designs extend the compressive modulus range from the baseline
values of AC (150 kPa) and SUP (65 kPa) to nearly 10-100 kPa,
while reducing compression hysteresis from 0.5 and 0.3 to 0.1-
0.5. These values move closer to the typical ranges of commercial
silicones (compressive modulus, 30-220 kPa; hysteresis, 0.1-0.3).

Overall, compared to typical PolyJet-printed elastomers, the
experimental results indicate that AC/TM/GM mixture designs
provide (i) improved force sensitivity due to reduced modulus,
(ii) enhanced flexibility in sensor design enabled by an expanded
modulus range and (iii) faster dynamic response associated with
lower hysteresis. Collectively, these improvements help narrow
the performance gap between PolyJet-printed elastomers and con-
ventional mould-cast silicones. A comprehensive summary of the
evaluated material properties is provided in Table 6. In addition to
hardness, the measured Poisson’s ratio of the mixture-designed
elastomers fluctuates around 0.4. Considering the measurement
uncertainty of the DIC system and the commonly assumed value
of 0.49 for nearly incompressible commercial silicones, the volu-
metric compressibility of the proposed mixtures is expected to be
comparable to that of conventional silicone materials.

4.1.2 | Material Property Correlation

Based on the above investigation, both 3D-printed mixture
designs and mould-cast silicone have considerable overlap in
material property. Therefore, another investigation is introduced
to analyse the correlation between their material properties.

From Figure 12 C.a, hardness, elastic modulus and compressive
modulus of all materials can be fitted to a response surface. If
exclude outliers, the most material points converge into a narrow

A (a) Hardness (b) Poisson's Ratio (c) Modulus (d) Hysteresis
Indentation T Indentation Deformation Deformation Load Load Unload Unload
o1y O ' F1 F24
~ h = e
(Ho{ ) HO
L_s_Je ] 000k 2}t o
High High High High
Hardness Poisson’s Modulus Hysteresis
Ratio
B (a) Manufacturing (b) Sample (c) Evaluation (d) Tool (e) Material Property
DIC Vision System ].—-—-—> Poisson’s Ratio
[3D-print Mixture Design ASTM D412 Specimen ]—P[ Tensile Test Elastic Modulus
. ) Tensile Hysteresis
Mechanical Machine

ASTM D575 Specimen

Compressive Test

Compressive Modulus

Compressive Hysteresis

[ Mold-casting Silicone

Indentation Test ]—)[ Shore 00 Durometer

Hardness

FIGURE11 | (A) Influence of elastomer material properties on tactile sensing. (a) Hardness reflects the resistance of the sensor surface to indenta-

tion; (b) Poisson’s ratio characterises the volumetric change of the elastomer during deformation; (c) modulus indicates the resistance to bulk defor-

mation under external loading; (d) hysteresis quantifies the recovery rate of the sensor after load removal. (B) Investigation pipeline for elastomer

material characterisation. (a) i-Tac mixture design and mould-casting methods; (b) sample preparation following ASTM standards; (c) three mechanical

evaluation tests; (d) instrumentation for experimental data acquisition; (e) six material properties considered in the analysis.
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FIGURE 12 | (A) Uniaxial tensile testing results. (a) Representative stress—strain curve under uniaxial tension; (b) relationship between tensile

hysteresis and elastic modulus. (B) Uniaxial compression testing results. (a) Representative stress—strain curve under uniaxial compression; (b) rela-

tionship between compressive hysteresis and compressive modulus. (C) Correlations among elastomer material properties. (a) Response surface fitting of

hardness, elastic modulus and compressive modulus; (b,c) linear relationships between elastomer hardness and elastic/compressive modulus; (d) cross-

property correlations.

TABLE 6 | Material property comparison between 3D-printed mixture design and mould-cast elastomers.
Hardness Poisson’s Elastic Tensile Compressive Compressive
Mixture design (Shore 00) ratio modulus (kPa) hysteresis modulus (kPa) hysteresis
AC10 84.8 0.42 449.87 0.64 145.45 0.50
AC8/TM2 73.4 0.38 242.68 0.28 83.15 0.50
AC6/TM4 68.0 0.41 186.60 0.20 73.55 0.40
AC4/TM6 55.4 0.42 151.35 0.13 39.77 0.37
AC2/TM8 43.2 0.41 127.02 0.07 31.75 0.14
TM8/GM2 28.6 0.40 92.80 0.07 11.83 0.40
T™M6/GM4 24.8 0.45 95.39 0.08 11.13 0.34
TM4/GM6 19.2 0.45 82.03 0.06 7.39 0.21
AC4/GM6 44.8 0.42 141.68 0.23 39.70 0.37
AC6/GM4 63.4 0.36 202.99 0.20 90.09 0.40
AC8/GM2 73.6 0.38 227.04 0.26 94.56 0.37
A3/T3/G3 49.4 0.43 152.88 0.07 49.71 0.19
A5/T2/G2 68.6 0.37 176.83 0.11 62.32 0.30
A2/T5/G2 47.6 0.39 131.95 0.07 39.43 0.18
A2/T2/G5 38.0 0.45 127.68 0.10 24.98 0.15
SUP 68.0 0.43 270.08 0.33 65.95 0.26
Ecoflex 00-31 38.6 0.35 48.53 0.04 34.89 0.23
Ecoflex 00-45 44.4 0.33 56.99 0.04 49.67 0.17
DragonSkin 20 70.4 0.41 235.40 0.06 172.45 0.23
DragonSkin 30 75.0 0.38 324.30 0.11 227.77 0.14
SORTA-Clear 40 75.2 0.40 331.25 0.06 182.16 0.22
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inclined plane, which implies existing correlations. Linear regres-
sion model is used to analyse this trend, which indicates a posi-
tive correlation between hardness and both modulus (Figure 12
C.b/c). More comprehensively, all correlations across material
properties are analysed with R? results shown in Figure 12 C.d.
In summary, hardness and modulus are closely connected with
R? locates around 0.7, while Poisson’s ratio is not significantly
correlated with others. Similar to modulus, a correlation also
exists between tensile and compressive hysteresis with a R? of
around 0.5.

The above analyses are essential because, in many cases, a com-
plete characterisation of material properties cannot be achieved
due to experimental constraints or application-specific condi-
tions. In such situations, rational correlations can be employed
to predict unknown properties, for example, by estimating the
elastic modulus from the more readily measured elastomer hard-
ness. The observed correlations among material properties across
mixture designs further demonstrate the generalisability of the
i-Tac framework in inverse design tasks. Specifically, if i-Tac
can tailor elastomer hardness, it can be readily extended to achieve
comparable performance in targeting elastic or compressive mod-
ulus, thereby broadening the applicability of the framework.

4.2 | Inverse Design Performance on Property
Tailoring

4.21 | Tailoring Target from Desirability Criteria
Guideline

To assess the effectiveness of the proposed desirability function
approach for inverse design, nine groups of desired elastomer
properties (Ty,, Ty,) were defined according to desirability crite-
ria guideline in Table 5. The corresponding evaluation results are
summarised in Figure 13 and Table 7.

For 1d-1, Id-2 and Id-3, the Ty, is consistently set to 55% under
the NTB criterion. Following multi-objective optimisation using
the desirability function, although Ty, criterion varies to LTB or
STB, their predicted values ¥, based on optimal mixture design
(%}, %5, X%3) remain close to the desired 55%. Similarly, 1d-4, 1d-5
and Id-6 all adopt the LTB criterion for Ty,, while Id-7, Id-8 and
1d-9 adopt the STB criterion. Their corresponding predictions Y,
successfully reproduce the expected trends, ranging correctly
from higher values (79.18%-83.91%) to lower values (17.5%-
29.83%) in terms of selected Ty, of LTB and STB, respectively.

Furthermore, in Id-1 through Id-7, the weights w;/w, are set to
0.5:0.5, thereby ensuring no objective bias in the desirability

Desirability Optimization (Y1: NTB, Y2: LTB) C

A Desirability Optimization (Y1: NTB, Y2: NTB) B

TABLE 7 | Inverse design of desirability criteria guideline.

Id Ty Ty, w, w, % £, % ¥, v,

Id1 55 55 05 05 36 54 10 5530 55.08
Id2 55 LTB 05 05 91 0 9 5498 8041
Id3 55 STB 05 05 9 80 11 5504 3543
Id4 LTB 60 0.5 0.5 46 54 80.73  60.01
Id-5 LTB LTB 0.5 0.5 100 O 83.91 8249
Id6 LTB STB 05 05 20 80 0 79.18 42.33
Id-7 STB 60 0.5 0.5 33 60 17.5 40.15
Id-8 STB LTB 03 0.7 74 26 1798 7291
Id9 STB STB 06 04 0 54 46 29.83 23.89

optimisation. For instance, Id-1 specifies both targets Ty, and Ty,

as 55, yielding predicted values of Y, =55.3% and Y, = 55.08%.
In contrast, 1d-8 and Id-9 share the same Ty, but adopt different
weighting schemes. Specifically, Id-8, with w;/w, =3:7, is more
strongly biased towards Ty, (hardness), whereas Id-9, with
w;/w, =6:4, places greater emphasis on Ty, (transparency). It
further indicates that the optimal inverse design (%;,%,,%;) for
Id-8 is (74,0, 26), involving only x; and x; while excluding x,,
since the AC/GM mixture can simultaneously provide moderate
opacity and enhanced hardness. By comparison, the optimal mix-
ture design for Id-9 is (0, 54,46), which relies exclusively on x,
and x; rather than x;, in order to achieve optimal opacity and
moderate softness. This is consistent with the fact that AC-based
mixtures inherently increase both transparency and rigidity
found during material formulation (Figure 7).

Such results demonstrate that the proposed desirability function
method is capable of fidelity realising diverse inverse design tasks
defined by criteria guidelines, while also allowing user preferen-
ces to be flexibly incorporated into above multi-objective optimi-
sation through adjustable weight coefficients.

4.2.2 | Tailoring Target from Real Silicone Samples

As shown in Figure 14A, two casting moulds, Mold-A and Mold-B,
were fabricated with dimensions identical to the specimens used
in mixture experiments. Subsequently, all silicones were prepared
and cast at room temperature in accordance with the manufac-
turers’ guidelines, followed by property testing. The resulting
measurements were then used as Ty, and Ty,, as summarised
in Table 8. In this process, most desirability criteria were specified
as NTB, with all desirability weights w,/w, set to 0.5:0.5. In addi-
tion, ultra-soft Ecoflex 00-31 was assigned the STB criterion for T'y,

Desirability Optimization (Y1: LTB, Y2: STB) D Desirability Optimization (Y1: STB, Y2: STB)
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Case study of desirability optimisation in terms of criteria guideline. (A) NTB/NTB; (B) NTB/LTB; (C) LTB/STB; (D) STB/STB.
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FIGURE 14 | (A) Mould-casting silicone (Ecoflex, DragonSkin, SORTA Clear). (B) Optimal operating window tailoring from real silicone. (C) Real
transparency Ry, and predicted ¥, (red edges) of inverse design samples. (D) Real hardness Ry, and predicted ¥, (red lines) of inverse design samples.

(E) Accumulated inverse design error compared between I,/I,/I5. (F) Average inverse design error compared between Errorl/Error2.

in order to minimise hardness, whereas Ty, of ultra-clear Ecoflex
00-45 and SORTA Clear were assigned the LTB criterion to maxi-
mise transparency. The optimal operating window {(%;,%,,%3)o,
.o, (®1,%,5,%3);} was then determined by applying tolerance
thresholds of Ax% and AY%, both set at 3%, as illustrated in
Figure 14B. Among these, three inverse designs with the highest
desirability values were selected and denoted as I, I, and I3, with
their corresponding mixture designs summarised in Table 8.
Finally, based on the above inverse designs, 15 groups of 3D-printed
specimens were fabricated through monolithic manufacturing, each
consisting of two optical samples and one mechanical sample
(45 specimens in total). Their property evaluation results are pre-
sented in Figure 14C,D.

In Figure 14C, the predicted elastomer transparency, Y;, are
highlighted with red edges. At 1=700 nm, the experimentally
measured Ry, values for the real specimens of Ecoflex and
SORTA Clear inverse designs closely match their predictions, both
falling within the range of 75%-80%. For the DragonSkin inverse
designs, the Ry, values of real samples lie between 20% and 45%,

covering the predicted range of approximately 35%-40%. In
Figure 14D, the predicted elastomer hardness, Y, is indicated
by red lines. The 3D-printed elastomers of Ecoflex inverse designs
exhibit very low hardness, with measured Ry, values ranging from

Shore 00-40 to 00-50, in close agreement with their ¥, predictions.
By contrast, the DragonSkin and SORTA Clear inverse designs
show a marked increase in hardness towards Shore 00-60 and
00-70, although most of their measured hardness Ry, are slightly

(around 5 units) lower than Y, predictions. These results indicate
that the proposed inverse design method achieves a close align-
ment between predictions and real measurements, particularly
for clear or softer silicone systems, while deviations remain in
the translucent and harder formulations.

To quantitatively assess the above findings, two types of inverse
design error were analysed, following the definitions in Figure 9.
As summarised in Table 9, Error 1, which represents the differ-
ence between the desired target Ty and the ReSM prediction Y, is
generally small. Only Ecoflex 00-31 and Ecoflex 00-45 exhibit
notable discrepancies, with Y, Error 1 of 17% and Y, Error 1 of
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TABLE 8 | Inverse design of real silicone samples.

Real sample Ty, Ty, b2 X, X3 Desirability Design
Ecoflex 00-31 75.43 (NTB) 38.60 (STB) 18 80 2 0.7322 I

19 79 2 0.7266 I,

17 80 3 0.7243 I3
Ecoflex 00-45 97.23 (LTB) 44.40 (NTB) 23 77 0 0.8925 I

22 78 0 0.8914 I,

24 76 0 0.8856 I3
DragonSkin 20 33.13 (NTB) 70.40 (NTB) 65 16 19 0.9932 I

64 17 19 0.9923 I,

63 18 19 0.9879 I3
DragonSkin 30 36.23 (NTB) 75.00 (NTB) 75 8 17 0.9961 I,

76 17 0.9935 I,

74 9 17 0.9925 I3
SORTA-Clear 40 84.73 (LTB) 75.20 (NTB) 77 23 0.9145 I

76 24 0.9117 I,

75 25 0.9089 I3

TABLE 9 | Inverse design performance with tailoring target from real silicone samples.

Inverse design Ty, Y, Ry, Y,Errorl Y, Error2 Ty, Y, Ry, Y,Errorl Y, Error2
Ecoflex 00-31 (I;) 75.43 7490 82.60 0.53 (0.7%) —7.70 (10.3%) 38.60 41.41 4320 -2.81 (7.2%) -1.79 (4.3%)
Ecoflex 00-31 (I,) 7543 7494 81.03  0.49 (0.6%) —6.09 (8.1%) 38.60 42.17 4420 -3.57 (9.2%) —2.03 (4.8%)
Ecoflex 00-31 (I3) 7543 7244 79.25  2.99 (4.0%) —6.81 (9.4%) 38.60 40.84 4340 -—2.24 (4.8%) —2.56 (6.3%)
Ecoflex 00-45 (I,) 97.23 80.25 79.81 16.98 (17.5%) 0.44 (0.5%) 4440 44.74 4580 —0.34 (0.8%) —1.06 (2.4%)
Ecoflex 00-45 (I,) 97.23 80.18 8295 17.05(17.5%) —2.77 (3.5%) 44.40 44.00 46.00 -0.40 (0.9%) —2.00 (4.5%)
Ecoflex 00-45 (I3) 97.23 80.31 82.72 16.92 (17.4%) —2.41 (3.0%) 4440 4547 4640 -1.07 (2.4%) -0.93 (2.0%)
DragonSkin 20 (I;) 33.13 33.68 21.00 -0.55(1.7%) 12.68 (37.6%) 70.40 70.51 65.60 —0.11 (0.2%) 4.91 (6.9%)
DragonSkin 20 (I,) 33.13 33.84 19.14 -0.71 (2.1%) 14.70 (43.4%) 7040 70.06 63.40 0.34 (0.5%) 6.66 (9.5%)
DragonSkin 20 (I3) 33.13 34.00 22.70 —0.87 (2.6%) 11.3 (33.2%) 7040 69.62 63.60 0.78 (1.1%)  6.02 (8.6%)
DragonSkin 30 (I;) 36.23 36.54 27.39 —0.31 (0.9%) 9.15 (25.0%)  75.00 74.78 69.40 0.22 (0.3%)  5.38 (7.2%)
DragonSkin 30 (I,) 36.23 3640 49.14 -0.17 (0.5%) —12.74 (35.0%) 75.00 75.16 67.80 —0.16 (0.2%) 7.36 (9.8%)
DragonSkin 30 (I3) 36.23 36.67 4830 -0.44 (1.2%) -11.63 (31.7%) 75.00 74.40 68.60 —0.60 (0.8%) 5.80 (7.8%)
SORTA-Clear 40 (I,) 84.73 83.65 82.16 1.08 (1.3%) 1.49 (1.8%) 7520 75.18 71.20 0.02 (0.0%)  3.98 (5.3%)
SORTA-Clear 40 (I,) 84.73 83.59 80.40 1.14 (1.3%) 3.19 (3.8%) 7520 74.78 69.40 0.42 (0.6%)  5.38 (7.2%)
SORTA-Clear 40 (I;) 84.73 83.53 83.53 1.20 (1.4%) 0 (0.0%) 7520 7438 70.60 0.82(1.1%) 3.78 (5.1%)

5%-10%, respectively. By contrast, the predictions Y for the other
inverse designs are close to their corresponding Ty, with most
errors below 1%. This is primarily because the specified Ty, of
Ecoflex 00-45 and Ty, of Ecoflex 00-31 lie beyond the FPS
(97.23%, Shore 00-38.60). Consequently, their desirability criteria
were assigned as LTB and STB (Table 8), which inevitably results
in a non-negligible gap of Error 1.

As for Error 2, it is defined as the difference between the pre-
dicted ¥ and the experimentally measured property Ry of real
3D-printed samples. In terms of elastomer transoparency Y.,
Error 2 for Ecoflex 00-45 and SORTA-Clear is low (0-4%), dem-
onstrating high predictive accuracy for elastomer transparency.
Ecoflex 00-31 follows with an Error 2 of 8%-10%, which remains

relatively accurate. By contrast, the DragonSkin designs, being
more opaque, show substantially higher Error 2 values (25%-
43%), indicating that the transparency ReSM Y (x) performs less
reliably in the opacity region compared with the clarity region.
For elastomer hardness Ry, all five materials exhibit consistently
low Error 2 values, generally within 2%-10%. This suggests that
the predictive performance of hardness ReSM Y,(x) is well bal-
anced across the entire FPS.

As shown in Figure 14E, the accumulated inverse design errors of
each I, I, and I; are compared in terms of each material. Among
them, I; consistently exhibits the smallest total error across both
Y, and Y,, as its desirability is closest to the optimal inverse
design (Table 8). In addition, the average inverse design error
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across samples, combining Error 1 and Error 2, is presented in
Figure 14F. For both Y, and Y,, Error 2 is consistently larger
than Error 1, indicating that the principal gap in inverse design
for tailoring elastomer property lies between property prediction
Y and real measurement Ry of 3D-printed elastomer, rather than
between the tailoring target Ty and Y, which highlights the nec-
essary of material formulation and ReSM optimisation. From this
analysis, since the largest errors are observed in transparency of
DragonSkin inverse designs, it suggests that the transparency
ReSM Y, (x) (Figure 7A) requires further refinement in the opac-
ity region.

4.3 | Real Sensor Property with Inverse-Designed
Elastomer

To further validate the proposed i-Tac inverse design technique,
we fabricated the entire contact module of VBTS through proposed
i-Tac framework, incorporating the skin, marker and lens compo-
nents alongside the inverse-designed elastomers. As illustrated
in Figure 15, specimens representing various established VBTS
designs have been produced to demonstrate the versatility of the
inverse design approach, encompassing a broad range of dimen-
sions, configurations and elastomer properties. For this validation,
we selected GelSight [4] and DIGIT [19] sensors as target, which
represents the most widely used commercial VBTS products.
Additionally, an in-house custom-built ViTacTip [2] is included.
It features a PolyJet-printed transparent skin fabricated from
Agilus30 Clear and filled with a silicone-based ultra-soft elastomer.
Clearly, the aforementioned sensors cover a comprehensive range

A B

DBS il |
(AC/TM 3D-Print) |
LS

ViTacTip-f
(Homemade)

ViTacTip-f
(AC/TM 3D-Print)

of VBTS elastomer characteristics, including geometry, dimensions
and material properties. They therefore serve as an appropriate
control group for validating the practicality and flexibility of the
i-Tac inverse design framework in whole-sensor customisation.

In terms of above control group, four types of i-Tac specimens were
fabricated: (1) flat-shaped ViTacTip (ViTacTip-f), 30 mm radius,
10 mm elastomer height, 1 mm skin thickness; (2) round-shaped
ViTacTip (ViTacTip-r), 30 mm radius, 10 mm elastomer height,
1mm skin thickness; (3) GelSight base sample (GBS), 25mm
width, 5 mm elastomer height, 0.5 mm skin thickness, no coating;
and (4) DIGIT base sample (DBS), 20 mm width, 8 mm elastomer
height, 0.5 mm skin thickness, no coating.

4.3.1 | Inverse Design Process

During establishing Ty, it is impractical to measure the optical
clarity on physical sensor via spectrometer. Thereby, the transpar-
ency targets T'y, are set as LTB criteria to reach maximum elasto-
mer clarity. Then, Shore 00 durometer was employed to assess the
hardness of control group via indentation on their sensor surfaces.
The measured values are as follows: flat ViTacTip (homemade):
29.20, round ViTacTip (homemade): 30.20, GelSight (commercial):
70.40, and DIGIT (commercial): 76.60 (Shore 00). Based on upon
results, two sets of i-Tac inverse design targets were subsequently
formulated: (1) The first target utilises pure GM design (GM10, see
Table 3) as a gel-like elastomer to realise an ultra-soft silicone in
ViTacTip with moderate optical clarity. (2) The second set adopts
the same formulation as SORTA-Clear’s I3 ((x1,X,,x3)=(75,25,0),
Table 8), wherein Ty, adheres to LTB criterion and Ty, targets a

N
/ DIGIT GelSight
f Base Base

ViTacTip *
o  Base

Hardness of Real Sensor and Related Inverse Designs

GBS
(AC/TM 3D-Print) |

s s s o ds &5 £ £ $ &

ViTacTip- SECEEESES £6 OF ©f Gf d¢
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FIGURE 15 | (A) (a) ViTacTip-f/r with AC/TM elastomer, (b) ViTacTip-f/r with pure GM elastomer, (c) GBS with AC/TM elastomer, (d) DBS with
AC/TM elastomer. (B) (a) Comparison between 3D-printed GBS and commercial GelSight; (b) comparison between 3D-printed and homemade
ViTacTip-f. (C) VBTS base mounted with 3D-printed contact modules, (a) DIGIT base, (b) GelSight base, (c/d) ViTacTip base v1/v2.
(D) (a) Experiment setup of optical resolution using 4K camera and USAF 1951 test chart. (b/c) Observed images for 3D-printed GBS/DBS. (d-f)
Observed images for homemade/3D-printed ViTacTip-f. (E) Hardness comparison between real sensor samples.
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Shore 00 hardness of 75.20 (Table 9); both values align with the
properties of GelSight and DIGIT. Accordingly, AC/TM(75/25)
mixture design was selected for the inverse design targeting
GelSight and DIGIT. This material was also used to fabricate a
ViTacTip for comparison with the pure GM variant. The compari-
son between resulting i-Tac products alongside commercial and
homemade control group is illustrated in Figure 15A-C.

4.3.2 | Optical Transparency

In Figure 15 D.a, a 4K camera and a USAF 1951 resolution test
chart” are employed to evaluate the optical clarity. The test chart
comprises numerous small target patterns featuring a graded
series of precise spatial frequency elements. The smallest distin-
guishable element under acceptable image contrast conditions
provides an estimate of the resolution limit. Each sensor sample
is placed directly above the test chart, and the finest resolvable
element is identified by its group (G) and element (E) indices
based on the image captured by the 4K camera. These indices
are used to determine the corresponding spatial frequency in line
pairs per millimetre (Ip/mm), which serves as a quantitative mea-
sure of the optical resolution (R) of the sensor sample:

R(lp/mm) =26+ (E-1)/6 a7

In this manner, the optical transparency of above sensors can be
quantified by comparing the optical resolution with and without
the sample in place. To ensure a fair comparison, only flat-shaped
designs were selected (Figure 15 D.b-f), which can maintain con-
sistent contact with the test chart, thereby ensuring valid imaging
with clearly discernible pattern elements. The measured optical
resolutions are summarised in Table 10. The highest resolution,
measured without any sample, is 12.70 lp/mm. As a baseline, the
homemade flat ViTacTip achieved a resolution of 5.04 lp/mm.
The 3D-printed ViTacTip filled with AC/TM attained 3.56 lp/mm,
slightly lower than the baseline, whereas the version with pure
GM reached only 1.0 Ip/mm. This reduction in clarity for the pure
GM sample can be attributed to two main factors: (1) firstly, GM
exhibits approximately 20% lower inherent transparency than the
AC/TM mixture; (2) secondly, GM provides inferior structural sup-
port for the overlying lens during printing, potentially introducing
optical aberrations. These issues may be mitigated through struc-
tural optimisations, such as reducing the thickness of the elasto-
mer or the span of the lens. In contrast, sensors fabricated with
AC/TM demonstrate superior optical performance. For instance,
the 3D-printed GBS and DBS achieved resolutions between 4.49
and 5.04 lp/mm.

4.3.3 | Mechanical Hardness

As summarised in Figure 15E, the 3D-printed ViTacTip (GM)
exhibit Shore 00 hardness values of 25.40 and 32.40, which

are comparable to the handmade ViTacTip (29.20, 30.20) and sig-
nificantly lower than the AC/TM ViTacTip (70.80, 75.60). These
results indicate that the pure GM material extends the FPS of i-
Tac inverse design into the ultra-soft range (Shore 00-20 to 00-
40), enabling the fabrication of sensor designs that demand high
mechanical ductility and shear sensitivity. In addition, other two
AC/TM-based i-Tac products exhibit hardness values within the
Shore 00-70 to 00-75 range, consistent with the AC/TM ViTacTip.
For instance, the AC/TM GBS and DBS show hardness values of
71.20 and 73.80, respectively, aligning closely with their commer-
cial control group of GelSight/DIGIT (70.40, 76.60).

The above evaluation results demonstrate that i-Tac inverse-
designed product can not only construct the entire VBTS contact
modules of various design geometry via monolithic manufactur-
ing with high fabrication convenience but also match the mate-
rial property of handmade/commercial sensor upon both optical
clarity and mechanical hardness under suitable architecture
design.

5 | Discussion

Despite the promising performance of the proposed i-Tac frame-
work, several limitations remain. For example, the current ReSMs
are trained on 16 mixture design samples, which may limit model-
ling accuracy in sparsely sampled regions of the composition
space. Future work will explore denser material calibration and
data-efficient surrogate models (e.g., Bayesian approaches) to
improve predictive robustness.

Also, the biomimetic inspiration in this work should be inter-
preted primarily at the conceptual level rather than as a full
mechanical replication of human skin. Specifically, the proposed
mixture design targets the intrinsic material properties of elasto-
meric micro-elements (material voxels), capturing the constituent-
level property blending that also underlies dermal tissue, where
collagen, elastin and ground substance collectively determine
baseline material behaviour. We acknowledge that real skin exhib-
its pronounced anisotropy, viscoelasticity and layered organisation
arising from higher-order structural arrangements across multiple
scales. The present study focuses on the material composition
dimension as a foundational step. Importantly, this material-level
tuneability provides an enabling basis for future structural-
mechanical co-design, where anisotropic responses may be
achieved through the spatial organisation of mixture-designed
voxels. In this context, recent multi-material topology optimisation
studies have highlighted the advantages of jointly optimising
material distribution and structural layout, rather than treating
material selection and geometry as separate design problems.
For example, recent work on ultra-soft magneto-active structures
[30] demonstrates that such optimisation can be further enhanced

TABLE 10 | Optical resolution of real sensor samples.
ViTacTip-f ViTacTip-f, ViTacTip-f, GBS, DBS,

Parameter No sample homemade AC/TM GM AC/TM AC/TM
Elastomer height (mm) - 5 10 10 6 8
Group (G) 3 2 1 0 2 2
Element (E) 5 3 6 1 3 2
Optical resolution (lp/mm) 12.70 5.04 3.56 1.00 5.04 4.49
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by explicitly incorporating constitutive descriptions of the
underlying coupled physical behaviour into the design process.
More broadly, this points towards a physics-informed co-design
paradigm that integrates both material and structural design.
Although beyond the scope of this work, we believe this represents
a promising direction for future research.

Furthermore, the proposed i-Tac framework is inherently extensi-
ble beyond the specific material set used in this study. In particu-
lar, the mixture design formulation can naturally evolve alongside
ongoing iterations of PolyJet printable materials. As new resins
with improved optical or mechanical performance become avail-
able, they can be incorporated into the mixture space to progres-
sively expand the feasible material property range and further
enhance inverse design fidelity. Beyond PolyJet technology, the
underlying design philosophy of i-Tac is also applicable to other
multi-material fabrication paradigms (e.g., DIW-based printing).
In such cases, the framework can be transferred with minimal
modification by redefining the material coordinate system in
the MDS and re-fitting the ReSM using the corresponding experi-
mental data, while preserving the desirability-driven optimisation
strategy. This adaptability highlights the long-term scalability and
cross-platform potential of the proposed inverse design pipeline for
VBTS elastomer engineering.

6 | Conclusion

This study presents i-Tac, an inverse design methodology for 3D-
printed elastomers with tailored optical transparency and hard-
ness, aiming to enhance the monolithic fabrication of VBTSs
through improved design flexibility and end-product quality.
Inspired by the hierarchical structure of human skin, where col-
lagen fibres, elastic fibres and ground substance jointly deter-
mine mechanical behaviour, we propose a material mixture
design framework comprising three PolyJet materials: AC, TM
and GM. Within this mixture space, a systematic set of samples
is fabricated and characterised to establish the material formula-
tion landscape. Two ReSMs are subsequently developed, demon-
strating that the proposed mixture design achieves a wide
dynamic range in both optical and mechanical properties, which
is critical for VBTS design and fabrication. Given target material
specifications, a desirability function-based strategy is intro-
duced to address the multi-objective trade-off between transpar-
ency and hardness. The resulting theoretical optimum is further
translated into a practical operating window, yielding manufac-
turable mixture compositions that can be directly realised via
monolithic 3D printing and thereby completing the end-to-end
inverse design pipeline.

To validate the effectiveness of the proposed i-Tac framework,
comprehensive experiments were conducted, including material
characterisation, theoretical analysis, fabricated sample evaluation
and functional VBTS performance assessment. The results demon-
strate that, compared with conventional PolyJet materials, the pro-
posed mixture elastomers substantially expand the achievable
property space while narrowing the performance gap between
3D-printed elastomers and commercial silicones. Moreover, the
combined use of response surface modelling and desirability opti-
misation enables accurate translation from target properties in the
FPS to optimal material compositions. The framework was further
employed to replicate the properties of representative commercial

silicone elastomers by treating their characteristics as design tar-
gets, with the resulting samples exhibiting high property fidelity.
Finally, the method demonstrates strong property adaptability at
the level of complete VBTS contact modules, successfully match-
ing the characteristics of both custom-built and commercial
Sensors.

Overall, the proposed i-Tac inverse design framework provides a
practical and flexible pathway for fabricating VBTS elastomers
with tuneable optical and mechanical properties. This work lays
an important foundation for advancing monolithic 3D printing of
VBTS and for further exploration of high-performance tactile
sensing systems.
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Endnotes
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materials/gelmatrix/
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Appendix
A. Material Property Evaluation Details

1. Hardness: For elastomers, softness is a key material attribute that dis-
tinguishes them from rigid solids. In tactile sensing applications, an elas-
tomer with appropriate compliance can respond effectively to contact
stimuli through measurable surface deformation. Hardness is commonly
used as a quantitative metric (the inverse of softness), describing the resis-
tance of a material to indentation or local deformation and reflecting its
resistance to permanent damage such as scratching, indentation, or cut-
ting. In this work, an indentation-based Shore 00 hardness test is per-
formed using a durometer to characterise the elastomers. During
testing, the durometer was used to uniformly collect at least five data
readings from the surface of each sample.

As summarised in Table 6, the measured hardness values of the 21 mate-
rials span approximately 20—85 Shore 00 (very soft to soft). Among the
3D-printed materials, pure AC exhibits the highest stiffness, with an
experimentally measured hardness of 84.8 Shore 00 (manufacturer spec-
ification, Shore A 30). As the TM proportion in the AC/TM mixtures
increases to 80%, the hardness decreases proportionally to 43.2 Shore
00, indicating a substantial softening effect. A similar trend is observed
in the GM/AC mixtures, although the softening occurs more rapidly,
reaching 44.8 Shore 00 at 60% GM. When AC is removed entirely, the
TM/GM mixtures further reduce the hardness to approximately 20—30
Shore 00, corresponding to extremely compliant materials.

In the ternary AC/TM/GM mixtures, the hardness variation becomes more
moderate due to the coupled material interactions. The multi-layer grid
(SUP) sample exhibits a hardness of 68 Shore 00, representing a clear reduc-
tion from pure AC and comparable to AC6/TM4 and AC5/TM2/GM2.

For comparison, the five mould-cast silicones fall within the range of
approximately 40—75 Shore 00, largely overlapping with the 3D-printed
mixture designs. Ecoflex 00-31 and 00-45 are the softest (38.6/44.4
Shore 00), comparable to AC2/TM2/GM5 and GM6/AC4, respectively.
DragonSkin 20 is significantly stiffer (approximately 70 Shore 00), similar
to the SUP, while DragonSkin 30 and SORTA-Clear 40 further increase to
around 75 Shore 00, positioned between AC8/TM2 and pure AC.
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Overall, the results indicate that the proposed 3D-printed mixture designs
can achieve softness levels comparable to mainstream PolyJet elastomers,
such as AC, while offering flexible hardness tuneability through compo-
sitional control comparative to mould-cast silicones.

2. Poisson’s Ratio: Poisson’s ratio v is a fundamental mechanical param-
eter describing the relationship between transverse strain &,,s and axial
strain e,,,; under uniaxial loading. In tactile sensing applications, near-
incompressibility (v=0.5) implies that geometric deformation under
external loading occurs with limited volume variation.

V= — dgtrans (Al.)

deaxial

In this study, Poisson’s ratio is estimated using digital image correlation
(DIC). During uniaxial tensile testing, surface markers applied to ASTM
D412 dog-bone specimens are tracked to obtain full-field displacement
data. Axial and transverse strains are then extracted from the measured
marker displacements, from which v is calculated. Although DIC pro-
vides a non-contact and spatially resolved strain measurement approach,
its finite spatial resolution and sensitivity to surface texture, illumination
conditions and speckle quality may introduce uncertainty. Consequently,
the experimentally obtained Poisson’s ratios may deviate from their the-
oretical values.

As summarised in Table 6, the measured Poisson’s ratios of the 21 sam-
ples range from 0.35 to 0.45. For the 3D-printed elastomers, most values
fall within 0.40-0.45, approaching the commonly assumed incompress-
ible limit and indicating relatively low volumetric compressibility. By
comparison, the mould-cast silicones exhibit measured values between
0.35 and 0.40, whereas their nominal Poisson’s ratios are typically
reported in the range of 0.47—0.50. This systematic underestimation is
primarily attributed to DIC-related measurement uncertainty and prac-
tical material variability. Importantly, both the 3D-printed mixture
designs and the mould-cast silicones are evaluated using the same
DIC setup and processing pipeline; therefore, the relative comparison
between the two material groups remains valid. Under this consistent
measurement framework, the mixture-designed elastomers demonstrate
measured incompressibility that is comparable to, and in most cases
slightly higher than, that of the commercial silicones.

3. Uniaxial Tensile Experiment: Uniaxial tensile testing is widely used
to characterise the mechanical behaviour of elastomers under unidirec-
tional loading. Its primary objective is to obtain stress-strain curves for
analysing tensile properties such as elastic modulus and tensile hystere-
sis. ASTM D412 is a well-established standard for evaluating the tensile
properties of elastomers, specifying specimen geometry, testing condi-
tions and reporting procedures. For VBTS tactile sensing, shear contact
dynamic is closely related to the material tensile property. The tensile test
results are presented in Figure 12A.

¢ Monotonic Tensile Loading: Figure 12A.a shows the stress o-
strain e responses of the 21 elastomers under monotonic loading
from 0 to 100% strain. Most materials exhibit approximately linear
behaviour within this range; however, AC displays noticeable non-
linearity. Specifically, the stress of AC increases rapidly up to
approximately 10% strain, after which the growth rate gradually
decreases and becomes nearly linear beyond 20% strain. AC also
consistently exhibits higher stress levels than the other materials
throughout the loading process. The stress-strain curves of the
remaining mixture-designed elastomers generally fall within the
envelope defined by the mould-cast silicones. To quantify tensile
stiffness, the engineering stress at 100% strain is used to approxi-
mate the elastic modulus E (Young’s modulus), which characterises
the material resistance to tensile deformation. Due to minor mea-
surement fluctuations near 100% strain, the peak stress immediately
prior to the fluctuation is adopted as the representative value of E.

0100%
E=——= =010 (A2)
€100%

As summarised in Table 6, the elastic modulus of the 21 materials
spans approximately 48-450 kPa, representing nearly an order-of-

magnitude variation. Consistent with Figure 12A.a, the traditional
PolyJet material AC, exhibits the highest modulus (449.87 kPa),
approximately 70% higher than the SUP (270 kPa). In comparison,
for the 3D-printed mixture designs, both AC/TM and GM/AC elas-
tomers show a gradual reduction in modulus from approximately
230kPa to 130 kPa as the AC fraction decreases from 80%. While
TM/GM mixtures occupy a substantially lower range (approxi-
mately 80-90 kPa), corresponding to roughly one-fifth of the stift-
ness of pure AC. What's more, the mould-cast silicones are
distributed across three characteristic levels: approximately
330kPa (SORTA-Clear 40), 235kPa (DragonSkin 20) and about
50 kPa (Ecoflex). Notably, the softest 3D-printed materials has closely
reached commercial silicone through the lowest modulus observed
from mixture designs.

¢ Cyclic Tensile Loading: Cyclic tensile tests are conducted to
evaluate tensile hysteresis, which reflects the internal energy dis-
sipation between loading and unloading within a stretch cycle.
The hysteresis is quantified by the normalised area difference
between the loading and unloading stress-strain curves. A larger
ratio indicates greater energy dissipation and more pronounced
viscoelastic effects.

H= Aload _Aunload (A3)
Aload

The quantitative results in Table 6 indicates that the tensile hys-
teresis of AC and the SUP reach 0.64 and 0.33, respectively. For
the mixture-designed elastomers, hysteresis generally decreases
with reduced AC content. Most mixtures containing less than
40% AC achieve hysteresis values below 0.1, comparable to those
of the mould-cast silicones.

* Combined Tensile Performance: The combined relationship of
elastic modulus and tensile hysteresis is illustrated in
Figure 12A.b. AC occupies the upper-right region of the plot, char-
acterised by both high stiffness and high energy dissipation, indicat-
ing strong load resistance but relatively slow dynamic response. The
SUP follows a similar trend but with both metrics reduced to
approximately half of those of pure AC. For the remaining 3D-
printed mixture designs, the AC/TM mixtures show an approxi-
mately proportional relationship between AC content and both
modulus and hysteresis, forming a near-linear distribution. In
GM/AC mixtures, a similar scaling trend is evident primarily in
the elastic modulus, whereas the hysteresis values cluster within
the range of 0.2-0.3. TM/GM mixtures exhibit substantially reduced
modulus ($100 kPa) and hysteresis (<0.1), indicating rapid response
but without a clear linear trend. The ternary AC/TM/GM mixtures
demonstrate tensile behaviour comparable to representative AC/
TM compositions (e.g., AC2/TM8 and AC4/TM6). By comparison,
the mould-cast silicones show a more horizontally distributed pat-
tern, suggesting that they can provide a wide stiffness range while
maintaining relatively stable hysteresis. In contrast, the tensile per-
formance of the 3D-printed elastomers remains partly constrained
by the intrinsic viscoelastic characteristics of AC, such that achiev-
ing higher stiffness tends to be accompanied by increased hysteresis.
However, from a comparative perspective, mixture design demon-
strates a marked improvement in tensile material properties relative
to conventional PolyJet materials such as AC and SUP.

4. Uniaxial Compressive Experiment: In practical tactile sensing sce-
narios, the dominant loading mode is compression, as normal force is
required to establish effective contact. Consequently, the elastomer layer
of the tactile sensor primarily undergoes compressive deformation during
operation. Understanding the compressive behaviour of candidate mate-
rials is therefore essential for sensor design and performance optimisa-
tion. ASTM D575 provides a standardised protocol for evaluating the
compressive properties of rubber and elastomeric materials under uniax-
ial loading, and is adopted here to characterise both 3D-printed and
mould-cast elastomers. The experimental results are presented in
Figure 12B.

Advanced Intelligent Systems, 2026

21 of 22

85U80|7 SUOWIWIOD BAIE8.D 8|qed!(dde au Aq pausenob a1e Ssoile YO 8sn JO S3|Nn1 10} A%eiq18UIUO /8|1 UO (SUONIPUOD-PUe-SWLBY WO A8 1M Ase1q 1 BUUO//:SANY) SUORIPUOD pue SWB 1 84} 89S *[9202/80/52] U0 Ariqiaulluo A8|im ‘uopuoafe|joD [euedw| Aq 002105202 AS1e/200T OT/I0p/W0D A8 | 1M AseIq | Bul [UO"PsoueApe;/:Sdny Wwo.j pepeoumod ‘g ‘9z0Z ‘L9Sv0v9Z



¢ Monotonic Compression: Figure 12B.a shows the stress-strain
responses under monotonic compression up to 20% strain.
Unlike the tensile results, DragonSkin 30 defines the upper bound-
ary of the response envelope rather than AC. The two materials
exhibit similar behaviour below approximately 5% strain; however,
with increasing compression depth, DragonSkin 30 demonstrates a
noticeably steeper stress growth than AC. SORTA-Clear 40 and
DragonSkin 20 follow trends similar to DragonSkin 30 and AC,
respectively, and both exceed the stress of AC beyond approximately
15% strain. The remaining materials exhibit more gradual stress
increases, with TM/GM mixtures forming the lower boundary of
the response range. To quantify compressive stiffness, the engineer-
ing stress at 10% strain is defined as the compressive modulus, as
summarised in Table 6. The mould-cast silicones show generally
higher compressive modulus values, forming two characteristic
bands (approximately 35-50kPa and 170-230kPa). In contrast,
the 3D-printed mixture designs span a broader but overall lower
range (approximately 7-150 kPa), indicating reduced resistance to
compressive loading. This demonstrates that in VBTS tactile sens-
ing, mixture design elastomers can provide force sensitivity compa-
rable to that of mould-cast silicone.

¢ Cyclic Compression: Cyclic compression tests are performed to
evaluate compressive hysteresis, which characterises the energy dis-
sipation during loading-unloading cycles. As with the tensile case,
hysteresis is quantified by the normalised area difference between
the loading and unloading curves. The quantitative results in
Table 6 shows that AC exhibits pronounced compressive hysteresis
despite its moderate compressive modulus, indicating substantial
viscoelastic energy dissipation and relatively slow recovery dynam-
ics. Similarly, AC8/TM2 reach hysteresis values of approximately
0.5, followed by AC6/TM4, TM8/GM2 and GM4/AC6 at around
0.4 and AC4/TM6, GM6/AC4 and GM2/AC8 at approximately
0.37. In comparison, most of the remaining 3D-printed mixtures
and the mould-cast silicones fall within the range of 0.15—0.30, indi-
cating faster dynamic recovery than typical PolyJet material, AC.

+ Combined Compressive Performance: The combined relation-
ship of compressive modulus and hysteresis is illustrated in
Figure 12B.b. Overall, clear differences are observed between the
3D-printed and mould-cast elastomers. The 3D-printed materials
generally occupy a lower modulus region (below approximately
150 kPa) but exhibit a wider hysteresis spread (approximately 0.1-
0.5). Within the mixture designs, the AC and TM fractions in
AC/TM and TM/GM systems show observable correlations with
compressive behaviour, whereas the influence of GM is less pro-
nounced. By contrast, the mould-cast elastomers extend to higher
compressive modulus values (up to approximately 230 kPa) while
maintaining relatively stable hysteresis (0.1-0.25). This suggests that
commercial silicones may be more suitable for applications requir-
ing high compressive stiffness (e.g., DragonSkin and SORTA-Clear),
but also with lower normal force sensitivity. For applications
favouring lower compressive modulus, the 3D-printed mixture
designs can achieve dynamic responses comparable to Ecoflex while
offering flexible property tailoring (e.g., AC/TM/GM, TM4/GM6
and AC2/TMS).
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