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Abstract— In this study, we introduce a new soft biomimetic
optical tactile sensor based on mimicking the interlocking struc-
ture of the epidermal-dermal boundary: the BioTacTip. The
primary sensing unit comprises a sharp white tip surrounded
by four black cover tips that when subjected to an external force
emphasizes the applied direction and contact location, for high-
resolution imaging by an internal camera. The sensor design
means that we can utilize the tactile images directly as the model
input (not requiring marker detection) for computationally
efficient reconstruction of 3D external forces, contact geometry,
localization and depth, by utilizing an analytic tactile model
based on dynamic friction and internal pressure. Indentation
and press-and-shear tests confirmed this mechanism, with sub-
mm localization and indentation errors, and normal and shear
force time series that match measured quantities. The sensor
design opens up a new way to instantiate biomimicry in optical
tactile sensors that utilizes mechanical processing in the skin.

I. INTRODUCTION

Human dexterity begins with our highly sensitive fingers.
Of all body parts, our fingertips have the most nerves for
touch [1], allowing us to feel the shape and dynamics of
objects with even a light touch. Scientists studying touch in
neuroscience consider the sensory mechanoreceptors near the
skin’s dermal-epidermal boundary [2]. Biological tactile sen-
sitivity depends on the morphology of this boundary, where
a mesh of dermal papillae and epidermal ridges amplifies
small contacts via a micro-levering effect [3]. The mechanics
of these skin structures transduces contact indentation and
shear across a wide range of exerted frequencies

Many artificial tactile sensors have biomimetic designs
based on human skin. For example, a biomimetic soft ca-
pacitive e-skin can measure normal and tangential forces
because it has a 3D structure that mimics the interlocked
dermis-epidermis boundary in human skin [4]. The TacTip,
created at the Bristol Robotics Laboratory, is also based on
the morphology of this boundary, but instead mimics the
levering motion of the intermediate ridges, captured from
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Fig. 1. Activation of the BioTacTip’s primary sensing unit in response to
strain: (left) at rest; (middle) under normal indentation; (right) under shear.

the transverse motion of markers on the tips [5]–[7]. This
transverse motion of the markers forms a representation of
the skin’s indentation and shear, and has been found to
resemble the neural activity recorded from mechanoreceptor
afferents in classic studies of skin neurophysiology [8].

Another important feature of cutaneous human touch is
its high spatial resolution, with 100s of mechanoreceptors
per fingertip. This aspect is captured in the increasing use of
optical tactile sensors having internal cameras, such as the
GelSight [9], DIGIT [10] and the TacTip soft biomimetic
tactile sensor described above. High-resolution depth infor-
mation can be imaged from light reflected from an internal
membrane [9] or with a depth camera [11]. However, skin
shear is usually sensed by the transverse motion of markers,
which are added to the skin underside for the GelSight [12].
Markers are fundamental to the TacTip operation and are
used to sense contact depth, shear and force [7]. However,
these quantities cannot be modelled easily from the marker
motion, so most models use ‘black-box’ deep learning mod-
els trained with large data sets. These have many limitations,
e.g. computational resources, lengthy data collection and
recalibration issues if the sensor skin is changed or damaged.

In this study, we present a novel soft biomimetic tactile
sensor capable of computationally efficient reconstruction of
3D forces alongside contact localization and depth, owing
to its innovative sensing mechanism derived from a new
biomimetic fabrication of the morphology of the epidermal-
dermal boundary (Fig. 1). The primary sensing unit com-
prises a sharp tip surrounded by four cover tips that conceal
the tip’s point when at rest. When subjected to an external
force, the sharp tip’s movement relative to the flat cover
tips is intentionally emphasized in the applied direction, for
imaging by the internal camera and post-processing of the
contact properties. Our main contributions are:

(1) A novel biomimetic tactile transduction mechanism:
the primary sensing unit of our proposed soft biomimetic
optical tactile sensor is based on the peg-like structure of the
dermal-epidermal boundary, retaining the micro-levering ef-
fect while also informing directly about indentation (Fig. 1).

(2) An interpretable, analytic tactile model based on
the sensor’s working principle allows efficient calculation



Fig. 2. (A) BioTacTip’s outer appearance. (B) Cross-section view of BioTacTip. (C) Exploded view of its components. (D) The tips and cover tips in a
rest state (top) and an image of this setup as captured by the camera (bottom). (E) Motion of the tips and cover tips under external pressure.

of contact shape, centre of contact localization, indentation
depth, along with normal and shear forces. Each BioTacTip is
usable with this model after only a simple calibration without
the need for extensive data acquisition and training.

(3) Our tactile model leverages processed raw images as
inputs, eschewing the need for marker detection methods to
enhance computational efficiency.

II. RELATED WORK

Many artificial tactile sensors have prioritized temporal
resolution over enhancing spatial resolution. For example,
piezoresistive and capacitive tactile sensors [16]–[18] excel at
measuring high-frequency kHz pressure distributions during
contact, but face challenges in measuring shear and give
a low-resolution spatial output. Further, piezoresistive and
capacitive tactile sensors do not have the spatial recognition
capabilities compared to vision-based tactile sensors (VBTS)
[9], [10], [13], [19], such as recognizing the texture features
of an object’ surface (see comparison in Table I).

Advancements in miniature camera technology and the
use of soft material manufacturing have given prominence
to VBTS. These sensors can have high spatial resolution
due to their use of MegaPixel arrays, while their temporal
resolution is typically 30-120 frames per second (although
faster cameras or event-based technology [20] are being
explored). Familiar examples include MIT’s GelSight [9],
Meta’s DIGIT [10] and BRL’s TacTip [6], [7], [21].

TABLE I
TACTILE SENSOR COMPARISON

Sensor Common
Technologies

Localization
MAE (mm)

Indentation
MAE (mm)

Normal Force
MAE (N)

Shear Force
MAE (N)

Texture
Recognition

Setup
Difficulty

BioTacTip* Interpretable
model . 0.50 . 0.50 . 0.20 . 0.20 Medium Low

Digit* [10] Neural network . 0.19 . 0.22 None None High Medium
-high

9DTact* [13] Neural network . 0.05 . 0.05 . 0.31 . 0.31
Medium

-high High

TacTip* [14]
Neural network/
blob detection

+ mapping model
. 0.16 . 0.20 None None Low Medium

GelSlim2.0* [15] Finite element
method

+ mapping model

None None . 0.32 . 0.22 High High

The GelSight and DIGIT determine contact conditions
revealed from the shading due to three RGB light sources
reflected from an outer membrane. For a thin membrane over
a stiff elastomer, these sensors can give highly-detailed mea-
surements of indentation, but are insensitive to shear. There-
fore, to improve shear and contact force estimation, they
incorporate thin marker arrays within the sensor layer [12].

In contrast, TacTip can simultaneously assess the external
shape and estimate contact force using an array of markers
on the tips of pin-like papillae beneath its sensing surface
[6], [7]. Tips perpendicular to the sensing surface move
as the surface deforms, which an internal camera captures
over time. Typically, a trained neural network estimates the
external contact conditions from the movement of the tip
array [22]. This estimation is also utilized for pose and shear
estimation, enabling tactile servoing [23].

For soft optical tactile sensors, the absence of a com-
prehensive and interpretable dynamic model to predict the
contact properties and force has encouraged the use of deep
neural networks trained on very large datasets of tactile
images (e.g. [13], [14]). This has led to much progress
in tactile perception and control, but also has costs in
computational efficiency and the extensive data gathering
for model training. We have included an assessment of
setup difficulty, which encompasses both the time investment
and the challenges involved in data collection or calibration
(comparison in Table I). Sim-to-real is one way to limit
data collection in the real world, for example using an
Elastomer Deformation Simulator such as Tacchi [24] to
generate data to pretrain a model; however, so far there
remains a Sim2Real gap that is addressed by gathering real
data for further model training. In particular, due to these
sensors’ manufacturing complexity, such as using casting and
demolding to produce the skin of the DIGIT and injecting gel
to fill the skin of the TacTip, these models may not generalize
well across fabricated sensors. Thus, there is a need for a
high-resolution soft tactile sensor that can efficiently acquire



Fig. 3. (A) Layout of the marker tips and cover tips (left) alongside a sketch
of a single sensing unit (right) comprising four cover tips and one marker
tip. (B) Force analysis of a marker tip subjected to external distribution.

contact information such as location, indentation, normal
force and shear force directly from the tactile image.

III. DEVELOPMENT OF THE BIOTACTIP

A. Design and Fabrication

1) Design Goal: We aim to design a soft marker-based
tactile sensor that biomimetically resembles human skin,
has an obvious dynamic shear response, is not affected by
ambient light, and readily captures contact information such
as the contacted points’ forces and locations. Furthermore,
the prediction model should be straightforward, compatible
with traditional control methods, and easily integrable with
grippers or robotic hands [25].

2) Skin and Tip Design: To fabricate the design in
Fig. 2(A), we use a multi-material 3D printer (Stratasys J826
Prime) to print the sensor’s skin, marker tips, cover tips
and body-tube simultaneously. Most parts are made from
a rubber-like material (Agilus30™; Shore-A hardness 33),
including the cover tips and top skin, except for the body-
tube and tips that are a rigid material (Vero®). To ensure that
the deformed skin quickly returns to its original shape, we
fill the body-tube with a transparent elastomeric gel (TechsiL
RTA27905A/B). This elastomer is non-compressible and
resistant to leaks, allowing up to 8 mm indentations and to
rapidly return to its original shape after compression.

The layout consists of 97 marker tips and 120 cover-tips
(Fig. 3(A), left). Each unit comprises a white tip shaped
like an inverted pyramid and four black cover tips in the
shape of inverted wedges (Fig. 3(A), right). Both types of
tip are 4.5 mm tall. The white and black tips have bottom
square sizes of 1.6mm and 1.27mm, respectively, while the
top square size of the black tip is 2.57mm. While the smaller
markers with high density are functional, they are highly
susceptible to damage during the removal of support material
in gaps. Consequently, for enhanced durability, we opted for

Fig. 4. (A) Original tactile image under external disturbance. (B) Circular
crop of the tactile image. (C) Median blur method applied to the circularly-
cropped image. (D) Activated image intensities representing the contact.

the current sizes. When the sensor is at rest, the cover tips
conceal the sharp point of the white tips and the camera
image is mostly dark. However, we intentionally left a small
gap (0.071 mm) between the edges of the tips and cover tips,
and a 0.25 mm gap at the top of cover tips to prevent them
from sticking together; this results in the rest image showing
an array of white dots (Fig. 2(D)). To eliminate these white
dots, we apply some image processing to the raw image
captured by camera (see later in Sec. III-C and Fig. 4).

3) Light and Camera: Uniform and consistent lighting is
vital because the estimation of contact depends on the pixel
intensity of the white tips. Consequently, we incorporated a
ring-light to guarantee even illumination across the sensing
area (Fig. 2(B,C)). Strategic positioning of the ring-light
and the holder’s design mitigate internal reflections from the
transparent acrylic plate that holds the gel. To image the
sensing area, we use a full-HD camera (ELP 1080p 30fps
USB module) that is standard for other TacTip sensors [7].

4) Fabrication: The 3D printer fabricates the skin, tips,
cover tips, and the body tube, ensuring seamless connections.
Subsequently, a laser-cut acrylic window is affixed to the
body tube using adhesive. We then introduce manually a
transparent gel into the tube’s cavity through a fill-hole in its
wall using a syringe. This fill-hole is sealed with a plug post-
injection. After curing, the sensing component is assembled
in conjunction with the light source and camera module. The
assembled device has diameter 39.5 mm, with overall height
of 45 mm and a 10 mm-deep soft component for contact.

5) Cost: The production cost for this BioTacTip is about
US$100. The camera module and the ring-type light can
be bought together for US$56 from an online electronics
store. The remaining components, including materials for 3D
printing and screws, amount to less than US$40.

B. Physical Explanation

When the tactile sensor is at rest (Fig. 3(B), left), the
gravitational force Fg on an individual tip (red arrow) is



counterbalanced by a summation of normal forcesFn exerted
by the gel on the tip (blue dashed arrows). Therefore, the tip
retains a state of equilibrium with no movement,Fg = Fn .
Then an external force due to contactFext causes the tip
to move downward in the force direction,Fext + Fg > F n

(Fig. 3(B), right). As the tip moves, it encounters an internal
resistance forceFint from the increased gel pressure and
tension of the sensor surface. Ultimately, the pushed tip stops
where this internal resistance force balances the external
force (Fext+ Fg = Fn + Fint). The amount of tip movementh1

(dashed grey lines; Fig. 3(B), right) caused by the external
force thencorrelates with the pixel intensity of a captured
image. Therefore, we will use this intensity to estimate the
indentation depth and external force.

C. Image Processing

Firstly, a circular cropping method is used to eliminate
the ring-light from the image (Fig. 4(B)), which sets the
grayscale values of pixels outside the circle to zero. In ad-
dition, we further re�ne the image by blurring (MedianBlur
in OpenCV) and thresholding that eliminates visibility of
the marker tips in the undeformed rest state (see Fig. 4(C)).
Consequently, the re�ned image can serve directly as an input
for tactile model, bypassing the need for marker detection
methods. The intensity variations of the re�ned image shows
the contact localization and indentation (Fig. 4(D)).

D. Tactile Model

We now detail the methodology to estimate the contact
point's location, indentation, normal force and shear forces
based on intensity variations of the processed tactile image.

Let I ij represent the tactile image intensity matrix, where
i and j index the rows and columns of pixels, respectively
(wherei; j 2 [1; N ] with N = 780). We normalise intensity
values to the unit range0 � I ij � 1 (e.g. obtained from an
8-bit greyscale range of 0 to 255)

We de�ne a thresholdT on the intensity values to distin-
guish between activated and deactivated contact regions (here
taking T = 0 :235, see Fig. 5(A)). Applying the threshold to
the imageI ij gives a binarised imageB ij with values1 when
I ij > T and 0 otherwise. We will consider the activated
imageB ij I ij that has non-zero image intensity values larger
than the threshold. (The white region in Fig. 4(D) is the
deactivated region of intensity values less than the threshold.)

We then de�ne the centre of contact(�x; �y) from the
�rst image moments of the activated image, which is the
intensity-weighted mean of the pixel locations

(�x; �y) =
X

i;j

B ij I ij
�I

(x i ; yj ); �I =
X

i;j

B ij I ij ; (1)

where x i = yi = �i are the pixel locations (calibrated to
� = 32:4=780mm/pixel from the size of the imaged region
and the pixel resolution) and�I is the total activated image
intensity. Meanwhile, we estimate the indentation depth�z of
the centre of contact by �tting a linear relation to the mean

Fig. 5. (A) Indentation depth �tting curve. (B) Normal force �tting curve.
(C) Dynamic friction coef�cient �tting curve, tox-directional shearFx =Fz .

image intensity over the activated contact region

�z =
a1

A
�I � b1; A =

X

i;j

B ij ; (2)

whereA is a normalisation relating to the area of contact,
a1 = 13:43 and b1 = 2 :635 are the coef�cients of linear �t
to the indentation depth, shown in Fig. 5(A).

Likewise, we estimate a normal force�Fz from �tting a
linear relation to the total activated image intensity, which
we assume to hold in the presence of no shear force

�F noshr
z = a2 �I � b2; (3)

wherea2 = 0 :00118andb2 = 0 :7415are the coef�cients of
the linear �t to this normal force, shown in Fig. 5(B).

To help us estimate the shear force of the contacted
area, we �rst consider the velocity of the center of contact
(�vx (t), �vy (t)) in the t th frame, with components

(�vx (t); �vy (t)) =
�

�x(t) � �x(t � 1)
� t

;
�y(t) � �y(t � 1)

� t

�
; (4)

where 1=� t is the frame rate of the sensor (here� t =
1=30sec). To reduce noise in the numerical derivative, we
apply a smoothing �lter to the calculated velocity
�
�̂vx (t); �̂vy (t)

�
= w0 (�vx (t); �vy (t))+ w1

�
�̂vx (t � 1); �̂vy (t � 1)

�

(5)
with coef�cients (w0; w1) = (0 :2; 0:8) summing to 1.

Subsequently, we �nd empirically that the shear force
( �Fx (t); �Fy (t)) can be estimated from a function of the
smoothed velocity and the normal force

� �Fx (t); �Fy (t)
�

= � dyn (j �̂v(t)j) �Fz (t)

�
�̂vx (t); �̂vy (t)

�

j �̂v(t)j
; (6)

where the direction of the shear force is along the smoothed
velocity of the centre of contact, normalised by the velocity
magnitudej �̂vj = ( �̂v2

x + �̂v2
y )1=2. In the expression for the shear

force, we interpret� dyn as the dynamic coef�cient of friction
and �t an empirical relation to the velocity magnitude

� dyn (v) = 0 :125 ln(3:00v + 1) ; (7)
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