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Problems of Robot Manipulation 
• Cost

(Humans are £10 per hour)

• Dexterity 
(Cut, trim, inspect, wrap in 5 seconds) 

• Sensing
(Visual and tactile sensing of variations)

• Physical contact
(Self-healing/disposal surfaces)

• Creativity
(Dealing with different situations every time) 

We need smart functional materials!



Universal Gripper

Brown et al (2010) PNAS 107 (44): 18809–18814

Elastic bag
(radius = 4.3 [cm], 
thickness = 0.3 [mm])

Inside: 
granular 
material 
(ground coffee) 

• Object is unknown
• Bang-bang control of vacuum



How Universal Gripper works

Brown et al (2010) PNAS 107 (44): 18809–18814
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Embodied Intelligence 

[Peifer, et al. Science  2007]



Young’s Modulus as a Measure of Softness



Soft-Rigid Hybrid Robot 

[Hughes, et al. Robotics and AI, 2016]



Anthropomorphic Robot Fingers

Designed and experimented by Utku Culha (Bioinsp. Biomimet. 2016)

Structural hierarchy
• Rigid bones
• Continuum passive joints
• Membrane capsule ligament
• Fixation ligament
• Rotation limit ligament
• Tendon tubes
• Actuated tendons



Anthropomorphic Robot Fingers

Designed and experimented by Utku Culha (Bioinsp. Biomimet. 2016)

14 servomotors connected through 
Bowden cables to 2.5 fingers



Soft Structure Actuation

Title: “Algorithm Name” for the Design of Actuation Points on Contiuum Soft Bodies 

Problem: Finding actuation points on soft continuum bodies 

Hypothesis: Body segmentation can discretize the contiuum body and allow full body trajectory 
tracking to detect actuation points 

Invention: The algorithm that uses the full body trajectory information of body segments to detect 
possible actuation points. 

Figures: 

 

Figure 1: Problem statement: The hardship of designing actuation for continuum soft bodies. 
Showing different soft robotic platforms for the emphasis on possible actuation types: pin only 
tendon cables on left, series air chambers on middle, and bowden cable parallel tendons on the right 

 [Design and experiment by Culha]

Boden mechanisms for soft actuation
• Over-redundancy through tendon-

driven remote actuation
• Under-actuated control of 

continuum bodies
• Passive dynamics of musculoskeletal 

structures



Muscle Synergies
A Biologically Inspired Soft Robotic Hand 5

Fig. 3: Manufacturing of the hand: showing the process and the final result.

After we were ready with the assembling of the capsule ligaments and the
collateral ligaments, the fingers looked like the ones shown on Fig. 3(A) and
Fig. 3(B). The next step involved the adding of the tendons and pulleys. In our
robotic hand, the index finger and the middle finger have four tendons each,
located on the anterior side, the right and left side and the posterior side of the
finger. For the thumb, we decided that the minimum required number of tendons
we will need is two and so located one on the anterior and one on the posterior
side. The ring finger and little finger have only one tendon each, located on the
anterior side as these fingers do not contribute to the movement of the hand
and the manipulation of the chopsticks. There are four sets of pulleys that the
tendons go through (see Fig. 3(D)). The pulleys are secured with tape (to mimic
the function of the human ligaments for keeping the tendons to the bones) for
additional stability.

Once the fingers were ready, they were placed back to their anatomically
correct locations with regard to the carpal bones (Fig. 3(C)). After all fingers
were connected to the carpal bones and glued to them with HMA, we decided
to build a palm-like soft structure using again the hot melt adhesive fluid and
a certain amount of silicon as to cover the hand as much as possible from all
sides. The silicon was prepared in advance, 24 hours before the fabrication of the
hand. In the end, the result was a fully assembled hand as shown on Fig. 3(D).

3 Chopstick Model

We want to demonstrate the capacity of our fingers by holding two chopsticks
and use them to grab small sized objects. Fig. 4 shows the model we are using
to express the forces acting on the chopsticks by our fingers. Here, forces F1, F2

and F3 are applied by the fingers on the top chopstick and Fact is the total force
generated at the tip of the chopsticks we call it activation force. We assume that

[M. Chepisheva et al. SAB2016]

Demonstration of 10 different objects 
with the same 1D control of motors

1 DoF is enough when “muscle 
synergy” is exploited



3D-Printed Passive Skeleton Hand

 
  

  

  

   

   
   

   

   

   

   

   

 

  

  

  

                 
                  
                 

Floating anthropomorphic joints

Collateral ligaments, 
adjustable stiffness

Fig. 2. Robot Hand. A) Photograph of the robot hand. B) CAD model of the 3D printed hand showing 
the different joints used, C) Varying directional stiffness of a joint D) Designing conditional stiffness.
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Single Finger Behaviours
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Fig. 2. Robot Hand. A) Photograph of the robot hand. B) CAD model of the 3D printed hand showing 
the different joints used, C) Varying directional stiffness of a joint D) Designing conditional stiffness.
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a larger variety of peak forces, whereas the subtle control of volume 
could be easier when a softer finger was used. The results demon-
strate that the mechanical properties of the piano affect the achiev-
able conditional model, limiting the ultimate ranges of the behavior. 

Actuation can be used to trigger a given conditional model and hence 
behavior or responses within these physical limits.

These results highlight the various trade-offs between different 
stiffness finger ligaments and actuation combinations. We show how 
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Fig. 4. Experimental testing of behavioral primitives. (A) Single-finger playing experiments, with 3D-printed fingers with varying material stiffnesses (EJ) showing the 
effects of varying different control parameters: frequency of playing (playing speed), rate of note playing (playing style, e.g., legato/staccato), and maximum force detected 
on the fingertip (volume). The force was measured with FSRs on the piano keys. These results highlight the difference in joint actuation for the different models. bpm, 
beats per minute. (B) Abduction/adduction distance measured between the tip of the thumb and the tip of the first finger when the wrist was actuated horizontally after 
the thumb was moved vertically down such that it pressed the key. Experiments were undertaken with hands with varying thumb ligament stiffnesses (ET). (C) Hand span 
stiffness demonstrated with a single finger (left), where the displacement between the second and third finger was measured, with the second finger playing a note and 
the wrist actuated horizontally. Whole-hand playing (right) when the wrist was actuated at varying amounts and the stiffness changed. The right graph shows the varying 
output forces when these conditions are changed.
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were kept at low stiffness (1  MPa) such that the other fingers inter-
act preferentially with the piano. For this case study, the three dif-
ferent stiffness requirements were mostly complementary, and the 

complex nature of the hand skeleton allows varied stiffness to be 
achieved across one physical model. The actuation conditions re-
quired to achieve the playing of these phrases of music are detailed 

Fig. 5. Case study demonstrating playing three musical phrases. (A) Results from playing Toccata with a staccato style. The key force for a human playing and robot 
playing using the second finger for hands with varying stiffnesses, the average response (solid thick lines) and individual force profiles (thinner lines) for varying EJ values 
of the finger joints, and the repeated musical pattern that forms the basis of this phrase are shown. Representations of the approximate conditional models (CMs) with the 
conditional actuation (CA) and joint actuation (JA) are also shown. The robot playing was repeated 20 times. (B) Results from playing the two notes, which form the basis 
of the Alligator Crawl refrain. The response from the force sensors measuring the thumb force, which is used to play the first note; the little finger used to play the second 
note for different stiffness for all joints (EJ, ES, and ET); the conditional models; and both conditional and joint actuation are shown. The robot playing was repeated 20 times. 
(C) Force sensor results for playing the glissando (slurred section) in Rhapsody in Blue. The average force sensors results over three keys forming part of this slurred section, 
which was played with the thumb using hands of different ET values, and the different conditional model states used to achieve the playing behavior are shown. The robot 
playing was repeated 20 times. (D) Stiffness parameters required for the various components of the hand to play all three phrases of music closest to human playing.
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Thumb Adduction/Abduction

[Hughes, et al. Science Robotics 2018]
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Within our experiments, we also investigated the coupling between 
the mechanical system and the environment by varying the wrist 
dynamics and material properties of the hand.

Analysis of conditional model concept  
for behavioral diversity
To allow systematic analysis, we investigated three behavior primi-
tives: single-finger tapping, thumb adduction/abduction, and hand 
span behavior. The combination of these primitives enables a wide 
range of playing behaviors and different conditional models. These 
three behavior primitives map to three ligament groups for which 
the material properties are varied: finger joints (EJ), thumb liga-
ments (ET), and span ligaments (ES).
Single-finger behavior
The single finger exhibits a wide variety of conditional models and 
hence behaviors depending on the conditions provided. The first 
series of experiments involved a single finger playing a single note, 
tapping one piano key where wrist actuation was only applied in the 
vertical plane. Considering a right-handed reference frame cen-
tered on the wrist with the z axis vertically upward, this corresponds 
to wrist movement in the z axis. The control parameters of this wrist 
actuation include the frequency (or playing speed) and the displace-
ment of vertical motions. For different control parameters, the out-
put frequency, rate of force applied, and the maximum force at the 
fingertip in contact with the surface of piano key were observed. 
The focus of this analysis was the ability of the internal conditions 
to control the overall performance of piano playing with one finger. 
In particular, we analyzed the change in output behavior for fingers 
with varying ligament stiffnesses. Four single fingers were tested, 
each 3D-printed with ligaments of different Young’s moduli (EJ).

Figure 4A (left) shows the input-output frequency response of 
the finger, which is an important metric when considering the 
achievable tempos during piano playing (69, 70). The range of out-
put frequency in each finger was measured by actuating the wrist 
vertically, oscillating with a fixed amplitude in the z axis. When in-
creasing the input frequency, the output frequency of the rigid finger 

could be considered to be the same as the input frequency within 
the range of reasonable playing frequencies. The range of condi-
tional models that the rigid finger could achieve was low, whereas 
for the more compliant fingers, which exhibited a more complex 
and nonlinear relationship between the conditional actuation and 
the joint actuation, a greater range of models was possible. Because 
the stiffness of the ligaments was reduced, the anisotropic stiffness 
was such that the system showed some nonlinear behavior, with the 
damping effect limiting the maximum achievable frequency. Lower- 
stiffness fingers experienced lower-frequency environmental inter-
action, and a different conditional model was achieved in comparison 
with that of the high-stiffness finger. By lowering the stiffness, the 
conditional model had a limited range of playing frequencies in 
comparison with the fully rigid finger, where the model was capable 
of playing music with a greater range of frequencies. However, 
a stiffer finger had a smaller range of different conditional mod-
els, resulting in a trade-off of other playing capabilities and stylistic 
behaviors.

Figure 4A (middle) shows the rate of tapping force at piano key 
contact with respect to different frequencies (or actuation speeds). 
The rate of tapping force indicated the articulation of sound, which 
directly influenced the transition between notes ranging from slurred/ 
legato to staccato. The lower rate of force change resulted in smoother 
transition between two notes. This experiment highlights the salient 
differences between rigid and softer, compliant fingers. Although 
rigid fingers could achieve a conditional model that exhibited a 
larger range of force changes for a greater range of input frequen-
cies, they could not achieve lower playing rates, especially at a higher 
frequency. These results indicate that a soft finger is necessary to 
play fast slurred or legato pieces, because it provides more suitable 
conditional models, whereas a more rigid one should be used for 
articulated music.

Similar behavior characteristics could be seen for the peak force 
when playing using a single finger, which indicates the volume of 
note. Figure 4A (right plot) shows that a rigid finger could generate 
a larger variety of peak forces, whereas the subtle control of volume 

F4
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Fig. 3. Demonstration of the conditional model. (A) Compliance behaviors of a single finger (distal phalange to metacarpal) printed to scale with varying ligament 
stiffnesses. This allows the emergence of different conditional models for single-finger interactions. (B) Directional compliance of a thumb, showing how the different 
environmental interactions and physical configurations lead to the emergence of different conditional models.
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could be easier when a softer finger was used. The results demon-
strate that the mechanical properties of the piano affect the achiev-
able conditional model, limiting the ultimate ranges of the behavior. 
Actuation can be used to trigger a given conditional model and hence 

behavior or response within these limits by the physical limitations 
of the system.

These results highlight the various trade-offs between different 
stiffness finger ligaments and actuation combinations. We show how 
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Fig. 4. Experimental testing of behavioral primitives. (A) Single-finger playing experiments, with 3D-printed fingers with varying material stiffnesses (EJ) showing the 
effects of varying different control parameters: frequency of playing (playing speed), rate of note playing (playing style, e.g., legato/staccato), and maximum force detected 
on the fingertip (volume). The force was measured with FSRs on the piano keys. These results highlight the difference in joint actuation for the different models. bpm, 
beats per minute. (B) Abduction/adduction distance measured between the tip of the thumb and the tip of the first finger when the wrist was actuated horizontally after 
the thumb was moved vertically down such that it pressed the key. Experiments were undertaken with hands with varying thumb ligament stiffnesses (ET). (C) Hand span 
stiffness demonstrated with a single finger (left), where the displacement between the second and third finger was measured, with the second finger playing a note and 
the wrist actuated horizontally. Whole-hand playing (right) when the wrist was actuated at varying amounts and the stiffness changed. The right graph shows the varying 
output forces when these conditions are changed.
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Hot Melt Adhesives as Soft Functional Material
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L .Wang, F. Iida, 2012
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Adaptation of Sensor Morphology

Figure 2.  Hardware and software implementation of the proposed concept.  (a) Complete workspace of the experiment which
includes a robot manipulator equipped with HMA handling units on its end effector (b) The robot’s end effector which is composed of
a solid HMA block which is fed to HMA supplier. Fabricated HMA units can be connected to HMA connector. A camera is mounted
to perform visual processing tasks during sensing. (c) Software implementation of the proposed approach which is composed of two
main parts: the in-situ adjustment of the sensor morphology, and the active sensing via motion (d) Flowchart showing the visual
processing algorithm used for softness and temperature case studies.
doi: 10.1371/journal.pone.0084090.g002

Active Sensing System with Adjustable Morphology
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a solid HMA block which is fed to HMA supplier. Fabricated HMA units can be connected to HMA connector. A camera is mounted
to perform visual processing tasks during sensing. (c) Software implementation of the proposed approach which is composed of two
main parts: the in-situ adjustment of the sensor morphology, and the active sensing via motion (d) Flowchart showing the visual
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places its end-effector at the corner of target sensed block and
the fabricated stick-like structure is pushed against the block.
For temperature sensing, the end-effector motion is
programmed to place the HMA Connector to touch the edge of
sensed object such that the surface of HMA Connector could
transfer the heat of object to the bonding area where the
mechanical structure is attached.

As soon as the motion control has been executed, the visual
processing starts, and the process involved in the vision
algorithm is illustrated in Figure 2(d). As explained in the
Control Architecture section, all of the visual processing was
designed based on the standard vision toolbox in the MATLAB
program environment. More specifically, for each the physical
quantity to be sensed, the system starts with capturing a raw
gray-scale image, converting it to a binary image, cropping the
region of interest, and estimating the deformation of the
mechanical structure due to the interactions with the target
object. For the softness sensing, the system calculates the
result from ten pictures for every trials, while for the
temperature sensing, the visual system keeps comparing the
current and previously captured picture until a predefined time.
As the output of visual processing, the softness sensing gives
angle values of the stick-like structure deflected by the reaction
force of the sensed object, and the temperature sensing
provides the duration until the cylindrical structure disappears
from the visual field.

The proposed approach is tested as a discrimination task on
different object pairs for two modalities; for softness, robot
should be able to discriminate a sponge from an aluminum
block, for temperature, the sponge is compared with an
aluminum block at 120 [°C]. Figure 5 shows the image
sequences captured from different sensing tasks. In Figure 5(a)
and (b), the different deflection angle is used to discriminate
the stiffer aluminum block from the softer sponge block. In
Figure 5(c), the robot has to wait for 600 [s], the time threshold,
because the fabricated mechanical structure cannot drop at

room temperature. In Figure 5(d), the robot detects the drop of
the mechanical structure after 210 [s].

The experiments were repeated with three different sizes of
each mechanical structure for every physical quantity each of
them has 10 trials of experiment. Experimental results are
listed in Table 1. It can be seen that the discrimination task was
always successful for softness detection as the deflection angle
in sponge was always smaller than in aluminum. As expected,
the aluminum exerts a larger value of reaction force, shown by
a large value of θ. The larger the thickness, the large the
difference becomes, which is caused by the increasing
stiffness of the mechanical structure with respect to sponge. It
must however be noticed that in order to measure the exact
value of the force, the resulting value of θ is already outside the
sensing range based on the derived model. This can be solved
by either using a thicker cantilever, or program the robot to
push it for a less distance.

Results for discrimination on temperature detection show
that for small weights, the robot fails to discriminate two
different surface temperatures as the mechanical structures do
not drop before the waiting time threshold as predicted by the
model. When the transducing unit weight is increased, as
expected, the discrimination rate increases. However, this did
not occur when the weight is kept increased. This flaw may be
caused by the imprecision of the connection area during
attachment process. While the assumed surface area is 3x 3
[mm2], only 1 [mm] of fault can affect the results in an
exponential way due to (6).

Discussion

In this paper, we have suggested a concept and
technological approach of active sensing in robotics system
with in-situ adjustable sensor morphology. The approach taken
is to use a robotic system that is able utilize thermoplasticity
and thermoadhesiveness of HMA to repeatedly fabricate
mechanical structure with different shape and size, and easily

Figure 4.  Implementation of autonomous in situ adjustment of sensor morphology.  The whole process includes the
construction of the unit which is followed by the gripping of that unit by the HMA connector on the end effector of the robot. (a)
Construction and attachment process of the mechanical structure used for discriminating the softness of objects. (b) Construction
and attachment process of HMA mechanical structure for discriminating the temperature of objects. Please also see Video S1.
doi: 10.1371/journal.pone.0084090.g004

Active Sensing System with Adjustable Morphology

PLOS ONE | www.plosone.org 9 December 2013 | Volume 8 | Issue 12 | e84090

Fabrication Sensing

Morphology construction processes

Camera image processing

[Nurzaman et al. 2013 PONE]



Adaptive Sensor Morphology (1/2)
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In situ adjustable sensor morphology
Softness discrimination

while increasing the value of l will have the opposite effects.
Figure 3(b) shows how these two characteristics change by
adjusting the thickness h, with d=3 [mm] and l=4.5 [cm],
attached to the robot end effector at a 3x3 [mm2] area. Based
on the figure, it can be seen, for example, that in order to
measure the softness of a relatively hard object, a larger value
of h may prove to be beneficial as it leads to a larger sensing
range to measure a significant value of force exerted by a hard
object.

Owing to the thermoadhesive property of HMA, its
mechanical characteristics can also be exploited for sensing
temperature. The physical interaction for the case of
temperature discrimination is shown in Figure 3(c). By touching
the object with its end effector, due to heat conduction Q,
temperature T will increase as To is increased. As a result, the
fabricated mechanical structure will be detached from the
robot’s end effector. By collecting experimental data, the
relationship between temperature T and bonding strength B
can be approximated by exponential function as shown by (6),
where the relationship among bonding strength (B), weight (W)
and the attachment area (A) is explained by (7). m is the mass

of the system, g is gravitational acceleration, and d is the width
of the area. The bonding area can be assumed as a square
with width d, while kT1 and kT2 are the constants included in the
equations. From experiment, the value of kT1 and kT2 are
7.75x101 [°C] and 4.70x10-5 [N-1m2] respectively. Based on (6),
the resolution as well as the maximum and minimum value of
the temperature which can be sensed therefore depends on
the weight W [kg] of the built HMA based structure and the size
of the attachment area A [m2] between the structure and the
robot end-effector. Due to the designed physical interaction,
the built mechanical structure will be detached once T reaches
the value of To.

T=kT1exp −kT2B (6)

B= W
A = W

d2
= mg

d2
(7)

The most difficult challenge to realize the physical interaction
shown by Figure 3(c) is to attach the mechanical structure with
an arbitrary value of area A. It will be technically very difficult,

Figure 3.  Different physical interactions and sensing characteristics enabled by adjusting the sensor morphology, and
purposive motion, in situ.  (a) model of the physical interaction for discriminating the softness of the target object (b)
corresponding sensing characteristics, i.e. range and sensitivity (c) model of the physical interaction for discriminating the
temperature of the object (d) the corresponding sensing characteristics (note: the standard deviation for temperature sensing range
is divided by two for the sake of clarity).
doi: 10.1371/journal.pone.0084090.g003

Active Sensing System with Adjustable Morphology
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softening point, Ts (typically equals to 60°C) HMA becomes
viscoplastic and adhesive (3) At an even higher temperature
between Ts and melting point (Tm = 150 [°C]), the material
transforms into a low-viscosity fluid. The value of Ts and Tm
varies depending on the ingredients of HMAs. It is particularly
important to mention that HMA at room temperature has a
tensile strength (typically around 1-10 [MPa]) sufficient to form
a large variety of reasonable mechanical structures that can be
used for sensible robotic tasks.

In the later stage of this paper, it will be shown how the
mechanical characteristics of HMA will be used in the
fabrication processes of the mechanical structures. For
fabrication process, we make use of the so-called additive
fabrication method, in which a thin string of soft/liquid HMA is
placed on a fabrication table such that the deposited strings
form a free form solid structure when they are solidified. The
important mechanical characteristic of HMA, therefore, is its
viscosity that can be precisely controlled such that the
fabrication process constructs fine structures. In our approach,
we employed a heating device that has a small nozzle
attached, where a heated and pressurized HMA can be
extruded as a string. Because of its adequate viscosity that can
be controlled through material temperature, we are able to
reliably control the HMA strings diameter as precise as 1 [mm].
A more thorough explanation about the relationship between
the diameter and nozzle velocity, how the velocity is controlled,
and other technical details, can be found in [20]. Here, it is
adequate to note that the used nozzle velocity in this paper is 2
[mm/s], causing the diameter of the string to be 1.5 [mm].

Based on the explained properties, it is hypothesized that the
thermoplastic and thermoadhesive properties of HMA can
enable in situ adjustment of sensor morphology, i.e. HMA
enables fabrication of a variety of mechanical structures with
different size and shape, which can easily be attached /
detached to the rest of the robot’s body for sensing purpose.
The relationship between the temperature and the size of
attachment area between the mechanical structure and robot’s
end effector will be explained further in the next section.

HMA Mechanical Characteristics for Sensing
Based on the assumption that it is possible to fabricate and

easily integrate the mechanical structure with the robot arm in
situ, the next step is to verify whether a suitable physical
interaction, i.e. physical probing and the arising stimuli, can be
initiated for sensing task based on HMA mechanical
characteristics. Here, the chosen task for the system is to
discriminate visually indistinguishable objects with respect to
different physical quantities, i.e. softness and temperature.
They are chosen because therefore the role of two important
mechanical characteristics of HMA, i.e. tensile strength and
thermoadhesion, can be effectively tested. The designed
physical interaction and the way different sensor morphologies
may affect the sensing characteristics will be described as
follows.

In order to discriminate the softness of an object, it is
necessary to be able to distinguish the amount of force exerted
by the object when pushed by the sensor. The simplest way to
achieve it is by having a comparatively elastic cantilever, and to

estimate the force through the deflection of the beam, namely,
by estimating the value of force F [N] through the deflection θ
[rad] by using function f as shown in (1a). Figure 3(a) illustrates
the situation, where F is the force applied to the fabricated stick
as a reaction to the force Fs applied to the object. By estimating
the value of F = Fs through θ, if the object is assumed to be
linearly elastic, the softness the object can be estimated by
using Hooke’s law if ∆x is known (The Hooke’s law states that
the force required to extend or compress a spring by some
distance is linearly proportional to the distance).

A tension test to see the relationship between the tensile
stress σ [Pa] and strain ε [-] was performed with HMA string. It
is found that for small strain (ε < 0.2), the stress-strain
relationship is linear with a Young modulus E of approximately
8.9 [MPa]. Based on the beam theory, within the linearly elastic
region, the function that relates F and θ can be simplified as a
linear one which depends on the value of the length of the
cantilever l [m], the Young modulus E [Pa], and the second
moment of area I [m4] [18]. Therefore, function f can be written
as shown in (1b). It must however be noticed that there is a
value θmax where the linear relationship between F and θ still
holds.

F = f θ (1a)

f θ = 2EI
l2 θ ,   

0≤θ≤θmax (1b)

Due to the additive fabrication process, the second moment
of area can be modeled as a rectangle with width d [m] and
thickness h [m] as shown by (2), which modifies (1) to become
(3).

I = dh 3

12 (2)

F = Edh 3

6l2 θ ,   
0≤θ≤θmax (3)

The effect of the sensor morphology and properties of HMA
on the sensing characteristics can be described as follows.
Due to the linear relationship assumption between F and θ, the
sensing range of the sensor, i.e. the maximum value of force
can be accurately estimated by observing the value of θ, is
limited. The sensing range of the sensor RF [Nrad] therefore
simply equals to (3) with θ = θmax. Furthermore, the sensitivity of
the sensor SF [rad/N], i.e. the derivative of θ to F, can be easily
obtained as shown in (5).

RF d,l,h = Edh 3

6l2 θ θ=θmax (4)

SF d,l,h = dθ
dF = 6l2

Edh 3 (5)

It can be seen that increasing the value of d and h will
increase the sensing range while decreasing the sensitivity,
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softening point, Ts (typically equals to 60°C) HMA becomes
viscoplastic and adhesive (3) At an even higher temperature
between Ts and melting point (Tm = 150 [°C]), the material
transforms into a low-viscosity fluid. The value of Ts and Tm
varies depending on the ingredients of HMAs. It is particularly
important to mention that HMA at room temperature has a
tensile strength (typically around 1-10 [MPa]) sufficient to form
a large variety of reasonable mechanical structures that can be
used for sensible robotic tasks.

In the later stage of this paper, it will be shown how the
mechanical characteristics of HMA will be used in the
fabrication processes of the mechanical structures. For
fabrication process, we make use of the so-called additive
fabrication method, in which a thin string of soft/liquid HMA is
placed on a fabrication table such that the deposited strings
form a free form solid structure when they are solidified. The
important mechanical characteristic of HMA, therefore, is its
viscosity that can be precisely controlled such that the
fabrication process constructs fine structures. In our approach,
we employed a heating device that has a small nozzle
attached, where a heated and pressurized HMA can be
extruded as a string. Because of its adequate viscosity that can
be controlled through material temperature, we are able to
reliably control the HMA strings diameter as precise as 1 [mm].
A more thorough explanation about the relationship between
the diameter and nozzle velocity, how the velocity is controlled,
and other technical details, can be found in [20]. Here, it is
adequate to note that the used nozzle velocity in this paper is 2
[mm/s], causing the diameter of the string to be 1.5 [mm].

Based on the explained properties, it is hypothesized that the
thermoplastic and thermoadhesive properties of HMA can
enable in situ adjustment of sensor morphology, i.e. HMA
enables fabrication of a variety of mechanical structures with
different size and shape, which can easily be attached /
detached to the rest of the robot’s body for sensing purpose.
The relationship between the temperature and the size of
attachment area between the mechanical structure and robot’s
end effector will be explained further in the next section.

HMA Mechanical Characteristics for Sensing
Based on the assumption that it is possible to fabricate and

easily integrate the mechanical structure with the robot arm in
situ, the next step is to verify whether a suitable physical
interaction, i.e. physical probing and the arising stimuli, can be
initiated for sensing task based on HMA mechanical
characteristics. Here, the chosen task for the system is to
discriminate visually indistinguishable objects with respect to
different physical quantities, i.e. softness and temperature.
They are chosen because therefore the role of two important
mechanical characteristics of HMA, i.e. tensile strength and
thermoadhesion, can be effectively tested. The designed
physical interaction and the way different sensor morphologies
may affect the sensing characteristics will be described as
follows.

In order to discriminate the softness of an object, it is
necessary to be able to distinguish the amount of force exerted
by the object when pushed by the sensor. The simplest way to
achieve it is by having a comparatively elastic cantilever, and to

estimate the force through the deflection of the beam, namely,
by estimating the value of force F [N] through the deflection θ
[rad] by using function f as shown in (1a). Figure 3(a) illustrates
the situation, where F is the force applied to the fabricated stick
as a reaction to the force Fs applied to the object. By estimating
the value of F = Fs through θ, if the object is assumed to be
linearly elastic, the softness the object can be estimated by
using Hooke’s law if ∆x is known (The Hooke’s law states that
the force required to extend or compress a spring by some
distance is linearly proportional to the distance).

A tension test to see the relationship between the tensile
stress σ [Pa] and strain ε [-] was performed with HMA string. It
is found that for small strain (ε < 0.2), the stress-strain
relationship is linear with a Young modulus E of approximately
8.9 [MPa]. Based on the beam theory, within the linearly elastic
region, the function that relates F and θ can be simplified as a
linear one which depends on the value of the length of the
cantilever l [m], the Young modulus E [Pa], and the second
moment of area I [m4] [18]. Therefore, function f can be written
as shown in (1b). It must however be noticed that there is a
value θmax where the linear relationship between F and θ still
holds.

F = f θ (1a)

f θ = 2EI
l2 θ ,   

0≤θ≤θmax (1b)

Due to the additive fabrication process, the second moment
of area can be modeled as a rectangle with width d [m] and
thickness h [m] as shown by (2), which modifies (1) to become
(3).

I = dh 3

12 (2)

F = Edh 3

6l2 θ ,   
0≤θ≤θmax (3)

The effect of the sensor morphology and properties of HMA
on the sensing characteristics can be described as follows.
Due to the linear relationship assumption between F and θ, the
sensing range of the sensor, i.e. the maximum value of force
can be accurately estimated by observing the value of θ, is
limited. The sensing range of the sensor RF [Nrad] therefore
simply equals to (3) with θ = θmax. Furthermore, the sensitivity of
the sensor SF [rad/N], i.e. the derivative of θ to F, can be easily
obtained as shown in (5).

RF d,l,h = Edh 3

6l2 θ θ=θmax (4)

SF d,l,h = dθ
dF = 6l2

Edh 3 (5)

It can be seen that increasing the value of d and h will
increase the sensing range while decreasing the sensitivity,
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softening point, Ts (typically equals to 60°C) HMA becomes
viscoplastic and adhesive (3) At an even higher temperature
between Ts and melting point (Tm = 150 [°C]), the material
transforms into a low-viscosity fluid. The value of Ts and Tm
varies depending on the ingredients of HMAs. It is particularly
important to mention that HMA at room temperature has a
tensile strength (typically around 1-10 [MPa]) sufficient to form
a large variety of reasonable mechanical structures that can be
used for sensible robotic tasks.

In the later stage of this paper, it will be shown how the
mechanical characteristics of HMA will be used in the
fabrication processes of the mechanical structures. For
fabrication process, we make use of the so-called additive
fabrication method, in which a thin string of soft/liquid HMA is
placed on a fabrication table such that the deposited strings
form a free form solid structure when they are solidified. The
important mechanical characteristic of HMA, therefore, is its
viscosity that can be precisely controlled such that the
fabrication process constructs fine structures. In our approach,
we employed a heating device that has a small nozzle
attached, where a heated and pressurized HMA can be
extruded as a string. Because of its adequate viscosity that can
be controlled through material temperature, we are able to
reliably control the HMA strings diameter as precise as 1 [mm].
A more thorough explanation about the relationship between
the diameter and nozzle velocity, how the velocity is controlled,
and other technical details, can be found in [20]. Here, it is
adequate to note that the used nozzle velocity in this paper is 2
[mm/s], causing the diameter of the string to be 1.5 [mm].

Based on the explained properties, it is hypothesized that the
thermoplastic and thermoadhesive properties of HMA can
enable in situ adjustment of sensor morphology, i.e. HMA
enables fabrication of a variety of mechanical structures with
different size and shape, which can easily be attached /
detached to the rest of the robot’s body for sensing purpose.
The relationship between the temperature and the size of
attachment area between the mechanical structure and robot’s
end effector will be explained further in the next section.

HMA Mechanical Characteristics for Sensing
Based on the assumption that it is possible to fabricate and

easily integrate the mechanical structure with the robot arm in
situ, the next step is to verify whether a suitable physical
interaction, i.e. physical probing and the arising stimuli, can be
initiated for sensing task based on HMA mechanical
characteristics. Here, the chosen task for the system is to
discriminate visually indistinguishable objects with respect to
different physical quantities, i.e. softness and temperature.
They are chosen because therefore the role of two important
mechanical characteristics of HMA, i.e. tensile strength and
thermoadhesion, can be effectively tested. The designed
physical interaction and the way different sensor morphologies
may affect the sensing characteristics will be described as
follows.

In order to discriminate the softness of an object, it is
necessary to be able to distinguish the amount of force exerted
by the object when pushed by the sensor. The simplest way to
achieve it is by having a comparatively elastic cantilever, and to

estimate the force through the deflection of the beam, namely,
by estimating the value of force F [N] through the deflection θ
[rad] by using function f as shown in (1a). Figure 3(a) illustrates
the situation, where F is the force applied to the fabricated stick
as a reaction to the force Fs applied to the object. By estimating
the value of F = Fs through θ, if the object is assumed to be
linearly elastic, the softness the object can be estimated by
using Hooke’s law if ∆x is known (The Hooke’s law states that
the force required to extend or compress a spring by some
distance is linearly proportional to the distance).

A tension test to see the relationship between the tensile
stress σ [Pa] and strain ε [-] was performed with HMA string. It
is found that for small strain (ε < 0.2), the stress-strain
relationship is linear with a Young modulus E of approximately
8.9 [MPa]. Based on the beam theory, within the linearly elastic
region, the function that relates F and θ can be simplified as a
linear one which depends on the value of the length of the
cantilever l [m], the Young modulus E [Pa], and the second
moment of area I [m4] [18]. Therefore, function f can be written
as shown in (1b). It must however be noticed that there is a
value θmax where the linear relationship between F and θ still
holds.

F = f θ (1a)

f θ = 2EI
l2 θ ,   

0≤θ≤θmax (1b)

Due to the additive fabrication process, the second moment
of area can be modeled as a rectangle with width d [m] and
thickness h [m] as shown by (2), which modifies (1) to become
(3).
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12 (2)

F = Edh 3

6l2 θ ,   
0≤θ≤θmax (3)

The effect of the sensor morphology and properties of HMA
on the sensing characteristics can be described as follows.
Due to the linear relationship assumption between F and θ, the
sensing range of the sensor, i.e. the maximum value of force
can be accurately estimated by observing the value of θ, is
limited. The sensing range of the sensor RF [Nrad] therefore
simply equals to (3) with θ = θmax. Furthermore, the sensitivity of
the sensor SF [rad/N], i.e. the derivative of θ to F, can be easily
obtained as shown in (5).

RF d,l,h = Edh 3

6l2 θ θ=θmax (4)

SF d,l,h = dθ
dF = 6l2

Edh 3 (5)

It can be seen that increasing the value of d and h will
increase the sensing range while decreasing the sensitivity,
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softening point, Ts (typically equals to 60°C) HMA becomes
viscoplastic and adhesive (3) At an even higher temperature
between Ts and melting point (Tm = 150 [°C]), the material
transforms into a low-viscosity fluid. The value of Ts and Tm
varies depending on the ingredients of HMAs. It is particularly
important to mention that HMA at room temperature has a
tensile strength (typically around 1-10 [MPa]) sufficient to form
a large variety of reasonable mechanical structures that can be
used for sensible robotic tasks.

In the later stage of this paper, it will be shown how the
mechanical characteristics of HMA will be used in the
fabrication processes of the mechanical structures. For
fabrication process, we make use of the so-called additive
fabrication method, in which a thin string of soft/liquid HMA is
placed on a fabrication table such that the deposited strings
form a free form solid structure when they are solidified. The
important mechanical characteristic of HMA, therefore, is its
viscosity that can be precisely controlled such that the
fabrication process constructs fine structures. In our approach,
we employed a heating device that has a small nozzle
attached, where a heated and pressurized HMA can be
extruded as a string. Because of its adequate viscosity that can
be controlled through material temperature, we are able to
reliably control the HMA strings diameter as precise as 1 [mm].
A more thorough explanation about the relationship between
the diameter and nozzle velocity, how the velocity is controlled,
and other technical details, can be found in [20]. Here, it is
adequate to note that the used nozzle velocity in this paper is 2
[mm/s], causing the diameter of the string to be 1.5 [mm].

Based on the explained properties, it is hypothesized that the
thermoplastic and thermoadhesive properties of HMA can
enable in situ adjustment of sensor morphology, i.e. HMA
enables fabrication of a variety of mechanical structures with
different size and shape, which can easily be attached /
detached to the rest of the robot’s body for sensing purpose.
The relationship between the temperature and the size of
attachment area between the mechanical structure and robot’s
end effector will be explained further in the next section.

HMA Mechanical Characteristics for Sensing
Based on the assumption that it is possible to fabricate and

easily integrate the mechanical structure with the robot arm in
situ, the next step is to verify whether a suitable physical
interaction, i.e. physical probing and the arising stimuli, can be
initiated for sensing task based on HMA mechanical
characteristics. Here, the chosen task for the system is to
discriminate visually indistinguishable objects with respect to
different physical quantities, i.e. softness and temperature.
They are chosen because therefore the role of two important
mechanical characteristics of HMA, i.e. tensile strength and
thermoadhesion, can be effectively tested. The designed
physical interaction and the way different sensor morphologies
may affect the sensing characteristics will be described as
follows.

In order to discriminate the softness of an object, it is
necessary to be able to distinguish the amount of force exerted
by the object when pushed by the sensor. The simplest way to
achieve it is by having a comparatively elastic cantilever, and to

estimate the force through the deflection of the beam, namely,
by estimating the value of force F [N] through the deflection θ
[rad] by using function f as shown in (1a). Figure 3(a) illustrates
the situation, where F is the force applied to the fabricated stick
as a reaction to the force Fs applied to the object. By estimating
the value of F = Fs through θ, if the object is assumed to be
linearly elastic, the softness the object can be estimated by
using Hooke’s law if ∆x is known (The Hooke’s law states that
the force required to extend or compress a spring by some
distance is linearly proportional to the distance).

A tension test to see the relationship between the tensile
stress σ [Pa] and strain ε [-] was performed with HMA string. It
is found that for small strain (ε < 0.2), the stress-strain
relationship is linear with a Young modulus E of approximately
8.9 [MPa]. Based on the beam theory, within the linearly elastic
region, the function that relates F and θ can be simplified as a
linear one which depends on the value of the length of the
cantilever l [m], the Young modulus E [Pa], and the second
moment of area I [m4] [18]. Therefore, function f can be written
as shown in (1b). It must however be noticed that there is a
value θmax where the linear relationship between F and θ still
holds.

F = f θ (1a)

f θ = 2EI
l2 θ ,   

0≤θ≤θmax (1b)

Due to the additive fabrication process, the second moment
of area can be modeled as a rectangle with width d [m] and
thickness h [m] as shown by (2), which modifies (1) to become
(3).

I = dh 3

12 (2)

F = Edh 3

6l2 θ ,   
0≤θ≤θmax (3)

The effect of the sensor morphology and properties of HMA
on the sensing characteristics can be described as follows.
Due to the linear relationship assumption between F and θ, the
sensing range of the sensor, i.e. the maximum value of force
can be accurately estimated by observing the value of θ, is
limited. The sensing range of the sensor RF [Nrad] therefore
simply equals to (3) with θ = θmax. Furthermore, the sensitivity of
the sensor SF [rad/N], i.e. the derivative of θ to F, can be easily
obtained as shown in (5).

RF d,l,h = Edh 3

6l2 θ θ=θmax (4)

SF d,l,h = dθ
dF = 6l2

Edh 3 (5)

It can be seen that increasing the value of d and h will
increase the sensing range while decreasing the sensitivity,
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attach/detach them to robot’s end effector the rest of the
system with different configurations, most suitable to the task.

By reviewing the studies of biological systems, we have also
argued that the proposed system is advantageous for sensing

Figure 5.  Implementation of autonomous active sensing via suitable motion.  Each sequence starts with the approaching of
the HMA mechanical structure onto the object, followed by the corresponding physical interaction monitored by a visual processing
algorithm (a) Image sequences showing the softness discrimination experiment on a sponge block where the deflection angle of the
HMA string is calculated. (b) Image sequence of the same experiment for an aluminum block (c) Temperature sensing of the same
sponge block which is at a room temperature. (d) Temperature sensing on the aluminum block which is equipped with heaters to
adjust the temperature of the object to a fixed level approximately at 120°C. The temperature sensor attached to the connection
surface between the HMA connector and the aluminum block shows the gradual increase from room temperature to 59.3. Please
also see Video S1.
doi: 10.1371/journal.pone.0084090.g005

Table 1. The summary of the experiment result for autonomous discrimination task showing the relationship between the
sensed quantities, the corresponding fabricated passive mechanical structure and its dimension, the resulting sensing
output, and the discrimination rate.

Physical Quantity /Mechanical Structure Mechanical Structure Parameter Sensing Output Discrimination

 (h = thickness, W = weight) (θ = bending angle, D = time to detach) Rate (%)
  Object 1 Object 2  
Softness / String h = 3 [mm] θ = 33.71±3.62 θ = 43.60±1.56 100
 h = 4.5 [mm] θ = 26.64±2.78 θ = 43.71±2.16 100
 h = 6 [mm] θ = 22.28±3.33 θ = 42.13±2.28 100
Temperature / W = 2.3 [g] D = 600 [s] D = 600 [s] 0
Cylinder W = 3.6 [g] D = 600 [s] D = 253.7±137.1 [s] 90
 W = 7.7 [g] D = 600 [s] D = 373.1±182.7 [s] 70

Object 1 is always sponge under room temperature. Object 2 is aluminium under room temperature and heated up aluminium for softness and temperature discrimination
respectively.
doi: 10.1371/journal.pone.0084090.t001
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while increasing the value of l will have the opposite effects.
Figure 3(b) shows how these two characteristics change by
adjusting the thickness h, with d=3 [mm] and l=4.5 [cm],
attached to the robot end effector at a 3x3 [mm2] area. Based
on the figure, it can be seen, for example, that in order to
measure the softness of a relatively hard object, a larger value
of h may prove to be beneficial as it leads to a larger sensing
range to measure a significant value of force exerted by a hard
object.

Owing to the thermoadhesive property of HMA, its
mechanical characteristics can also be exploited for sensing
temperature. The physical interaction for the case of
temperature discrimination is shown in Figure 3(c). By touching
the object with its end effector, due to heat conduction Q,
temperature T will increase as To is increased. As a result, the
fabricated mechanical structure will be detached from the
robot’s end effector. By collecting experimental data, the
relationship between temperature T and bonding strength B
can be approximated by exponential function as shown by (6),
where the relationship among bonding strength (B), weight (W)
and the attachment area (A) is explained by (7). m is the mass

of the system, g is gravitational acceleration, and d is the width
of the area. The bonding area can be assumed as a square
with width d, while kT1 and kT2 are the constants included in the
equations. From experiment, the value of kT1 and kT2 are
7.75x101 [°C] and 4.70x10-5 [N-1m2] respectively. Based on (6),
the resolution as well as the maximum and minimum value of
the temperature which can be sensed therefore depends on
the weight W [kg] of the built HMA based structure and the size
of the attachment area A [m2] between the structure and the
robot end-effector. Due to the designed physical interaction,
the built mechanical structure will be detached once T reaches
the value of To.

T=kT1exp −kT2B (6)

B= W
A = W

d2
= mg

d2
(7)

The most difficult challenge to realize the physical interaction
shown by Figure 3(c) is to attach the mechanical structure with
an arbitrary value of area A. It will be technically very difficult,

Figure 3.  Different physical interactions and sensing characteristics enabled by adjusting the sensor morphology, and
purposive motion, in situ.  (a) model of the physical interaction for discriminating the softness of the target object (b)
corresponding sensing characteristics, i.e. range and sensitivity (c) model of the physical interaction for discriminating the
temperature of the object (d) the corresponding sensing characteristics (note: the standard deviation for temperature sensing range
is divided by two for the sake of clarity).
doi: 10.1371/journal.pone.0084090.g003
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while increasing the value of l will have the opposite effects.
Figure 3(b) shows how these two characteristics change by
adjusting the thickness h, with d=3 [mm] and l=4.5 [cm],
attached to the robot end effector at a 3x3 [mm2] area. Based
on the figure, it can be seen, for example, that in order to
measure the softness of a relatively hard object, a larger value
of h may prove to be beneficial as it leads to a larger sensing
range to measure a significant value of force exerted by a hard
object.

Owing to the thermoadhesive property of HMA, its
mechanical characteristics can also be exploited for sensing
temperature. The physical interaction for the case of
temperature discrimination is shown in Figure 3(c). By touching
the object with its end effector, due to heat conduction Q,
temperature T will increase as To is increased. As a result, the
fabricated mechanical structure will be detached from the
robot’s end effector. By collecting experimental data, the
relationship between temperature T and bonding strength B
can be approximated by exponential function as shown by (6),
where the relationship among bonding strength (B), weight (W)
and the attachment area (A) is explained by (7). m is the mass

of the system, g is gravitational acceleration, and d is the width
of the area. The bonding area can be assumed as a square
with width d, while kT1 and kT2 are the constants included in the
equations. From experiment, the value of kT1 and kT2 are
7.75x101 [°C] and 4.70x10-5 [N-1m2] respectively. Based on (6),
the resolution as well as the maximum and minimum value of
the temperature which can be sensed therefore depends on
the weight W [kg] of the built HMA based structure and the size
of the attachment area A [m2] between the structure and the
robot end-effector. Due to the designed physical interaction,
the built mechanical structure will be detached once T reaches
the value of To.

T=kT1exp −kT2B (6)

B= W
A = W

d2
= mg

d2
(7)

The most difficult challenge to realize the physical interaction
shown by Figure 3(c) is to attach the mechanical structure with
an arbitrary value of area A. It will be technically very difficult,

Figure 3.  Different physical interactions and sensing characteristics enabled by adjusting the sensor morphology, and
purposive motion, in situ.  (a) model of the physical interaction for discriminating the softness of the target object (b)
corresponding sensing characteristics, i.e. range and sensitivity (c) model of the physical interaction for discriminating the
temperature of the object (d) the corresponding sensing characteristics (note: the standard deviation for temperature sensing range
is divided by two for the sake of clarity).
doi: 10.1371/journal.pone.0084090.g003

Active Sensing System with Adjustable Morphology

PLOS ONE | www.plosone.org 7 December 2013 | Volume 8 | Issue 12 | e84090

while increasing the value of l will have the opposite effects.
Figure 3(b) shows how these two characteristics change by
adjusting the thickness h, with d=3 [mm] and l=4.5 [cm],
attached to the robot end effector at a 3x3 [mm2] area. Based
on the figure, it can be seen, for example, that in order to
measure the softness of a relatively hard object, a larger value
of h may prove to be beneficial as it leads to a larger sensing
range to measure a significant value of force exerted by a hard
object.

Owing to the thermoadhesive property of HMA, its
mechanical characteristics can also be exploited for sensing
temperature. The physical interaction for the case of
temperature discrimination is shown in Figure 3(c). By touching
the object with its end effector, due to heat conduction Q,
temperature T will increase as To is increased. As a result, the
fabricated mechanical structure will be detached from the
robot’s end effector. By collecting experimental data, the
relationship between temperature T and bonding strength B
can be approximated by exponential function as shown by (6),
where the relationship among bonding strength (B), weight (W)
and the attachment area (A) is explained by (7). m is the mass

of the system, g is gravitational acceleration, and d is the width
of the area. The bonding area can be assumed as a square
with width d, while kT1 and kT2 are the constants included in the
equations. From experiment, the value of kT1 and kT2 are
7.75x101 [°C] and 4.70x10-5 [N-1m2] respectively. Based on (6),
the resolution as well as the maximum and minimum value of
the temperature which can be sensed therefore depends on
the weight W [kg] of the built HMA based structure and the size
of the attachment area A [m2] between the structure and the
robot end-effector. Due to the designed physical interaction,
the built mechanical structure will be detached once T reaches
the value of To.

T=kT1exp −kT2B (6)

B= W
A = W

d2
= mg

d2
(7)

The most difficult challenge to realize the physical interaction
shown by Figure 3(c) is to attach the mechanical structure with
an arbitrary value of area A. It will be technically very difficult,

Figure 3.  Different physical interactions and sensing characteristics enabled by adjusting the sensor morphology, and
purposive motion, in situ.  (a) model of the physical interaction for discriminating the softness of the target object (b)
corresponding sensing characteristics, i.e. range and sensitivity (c) model of the physical interaction for discriminating the
temperature of the object (d) the corresponding sensing characteristics (note: the standard deviation for temperature sensing range
is divided by two for the sake of clarity).
doi: 10.1371/journal.pone.0084090.g003
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for example, to attach the unit with a very small A. On the other
hand, having a very large value of A is not feasible due to the
time and energy consumption. In this second case study,
therefore the temperature measurement is limited by the
minimum and maximum value of A. Here, the temperature
sensing range is defined by the sensed temperature for the
same mechanical structure weight when the attachment area is
changed from 3x3 [mm2] to 4x4 [mm2] as shown by (8). The
sensitivity is defined as the derivative of the attachment area A
over the temperature T, shown by (9). The sensing range RT

[°C] and sensitivity ST [m2/°C] figure for sensing object
temperature as a function of the weight is shown in Figure 3(d).
Here, it can be clearly seen that the range of the sensor and
sensitivity can be tuned by adjusting weight of the designed
mechanical structure. A larger weight, for example, will have a
wider sensing range at the cost of the sensitivity.

RT W =T A=Amax−T A=Amin (8)

SF W = dA
dT =

A2exp kT2
W
A

WkT1kT2 A=Amin (9)

Results

Verification of the Model
In this section, we will verify the models proposed in the

Materials and Method section, and describe how different
sensor morphology enables the system to sense different
physical stimuli with tunable sensing characteristics.

For the force sensing case study, experimental data were
collected by varying the thickness of the HMA based cantilever,
and measured the corresponding deflection angle and reaction
force from the object by using force gauge with resolution 0.05
[N]. Each experiment was performed for 10 trials. The RF data
collected from the experiments are defined as the maximum
value of force which can still be measured without having the
root mean squared error between the real, obtained, value and
the linear model exceeding 0.005. The SF data collected from
the experiments are defined as the gradient of the line that best
fits the relationship between the measured angle and force, for
each value of h , i.e. thickness of the structure. The dots in
Figure 3(b) show the experiment data, plotted in the same
figure as the model explained in the previous section.

For the temperature sensing case study, experimental data
were collected by varying the mass of a cylindrical shape
mechanical structure to 1,3,5,7 and 9 [g] for attachment area of
3x3[mm2] to 4x4 [mm2]. The value of RT and RS based on the
collected data are shown by the dots on the right picture of
Figure 3(d). The number of trials for each experiment was five.

Based on the collected data in each case study, it can be
seen that the data adequately conform with the proposed
model. Therefore, the hypotheses that the proposed system is
able to sense different physical quantities with suitable sensing
characteristics by adjusting the sensor morphology can be
confirmed.

Demonstration of the Autonomous Capability of The
System

After confirming the advantage of the ability to adjust the
sensor morphology in situ, in this section we implement the
system to autonomously accomplish case studies of
discriminating visually indistinguishable objects with respect to
softness and temperature autonomously (please also refer to
Video S1).

Given the design parameter, Figure 4 shows the mechanical
structure fabrication for discriminating (a) softness, and (b)
temperature. As explained in the Materials and Method section,
the chosen shape of the mechanical structure for discriminating
the object softness is a cantilever with designed width, length
and thickness. As for discriminating the temperature, the
chosen shape is a cylindrical shape such that each layer adds
the weight of the unit.

The process always starts with additive fabrication, in which
the robot manipulator follows a given trajectory while HMA
Supplier is controlled to continuously extrude a liquid HMA
string from the nozzle. As shown in Figure 4(a1-2), the nozzle
moves to the lateral directions back and forth with a certain
given length, which resulting in a stick-like structure when the
HMA is solidified at the room temperature. In contrast, the
cylindrical structure requires a spiral trajectory of the nozzle to
make a layer of disc-like structure, which is then accumulated
vertically as shown in Figure 4(b1 - 2).

Once the additive fabrication is completed, for integrating the
fabricated mechanical structure with the rest of the sensing
system, the HMA Supplier provide a drop of fluidic HMA that is
used for bonding between the HMA Connector and the
fabricated structure as shown in Figure 4(a3 - 4) and (b3 - 4).
After the cooling period of bonding, the robot is now able to
separate the fabricated structure from the fabrication
workspace to lift up the structures as shown in Figure 4(a5)
and 4(b5).

For the experiments of sensing performance, we constructed
six distinctive HMA-based mechanical structures, i.e. three for
softness and the other three for temperature. For softness
sensing, all three structures have the length of l=4.5 [cm] while
we selected three different thicknesses, i.e. 3, 4.5 and 6 [mm].
The fabrication processes of these structures can be simply
determined by the number of lateral motions repeated. As for
the temperature sensing, we tested three different masses of
cylindrical structures, i.e. 2.3, 3.6, and 7.7 [g], which can be
determined a number of disc layers accumulated vertically. For
all fabricated structures, the robot always makes use of
bonding area of 3x3 [mm2].

Once the fabrication of mechanical structure is completed,
the controller starts the Active Sensing Process shown in
Figure 1. The sensing process can be roughly decomposed
into two sets of actions, i.e. motor control of the robot
manipulator and visual image processing.

The robotic manipulator was programmed to execute a
single trajectory for each of the tasks. Assuming that the target
object is always located at the same location with respect to
the robot’s coordinate system, the manipulator operates an
open-loop position control to place the position of the end
effector. In case of softness sensing the robot manipulator
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The robotic manipulator was programmed to execute a
single trajectory for each of the tasks. Assuming that the target
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the robot’s coordinate system, the manipulator operates an
open-loop position control to place the position of the end
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attach/detach them to robot’s end effector the rest of the
system with different configurations, most suitable to the task.

By reviewing the studies of biological systems, we have also
argued that the proposed system is advantageous for sensing

Figure 5.  Implementation of autonomous active sensing via suitable motion.  Each sequence starts with the approaching of
the HMA mechanical structure onto the object, followed by the corresponding physical interaction monitored by a visual processing
algorithm (a) Image sequences showing the softness discrimination experiment on a sponge block where the deflection angle of the
HMA string is calculated. (b) Image sequence of the same experiment for an aluminum block (c) Temperature sensing of the same
sponge block which is at a room temperature. (d) Temperature sensing on the aluminum block which is equipped with heaters to
adjust the temperature of the object to a fixed level approximately at 120°C. The temperature sensor attached to the connection
surface between the HMA connector and the aluminum block shows the gradual increase from room temperature to 59.3. Please
also see Video S1.
doi: 10.1371/journal.pone.0084090.g005

Table 1. The summary of the experiment result for autonomous discrimination task showing the relationship between the
sensed quantities, the corresponding fabricated passive mechanical structure and its dimension, the resulting sensing
output, and the discrimination rate.

Physical Quantity /Mechanical Structure Mechanical Structure Parameter Sensing Output Discrimination

 (h = thickness, W = weight) (θ = bending angle, D = time to detach) Rate (%)
  Object 1 Object 2  
Softness / String h = 3 [mm] θ = 33.71±3.62 θ = 43.60±1.56 100
 h = 4.5 [mm] θ = 26.64±2.78 θ = 43.71±2.16 100
 h = 6 [mm] θ = 22.28±3.33 θ = 42.13±2.28 100
Temperature / W = 2.3 [g] D = 600 [s] D = 600 [s] 0
Cylinder W = 3.6 [g] D = 600 [s] D = 253.7±137.1 [s] 90
 W = 7.7 [g] D = 600 [s] D = 373.1±182.7 [s] 70

Object 1 is always sponge under room temperature. Object 2 is aluminium under room temperature and heated up aluminium for softness and temperature discrimination
respectively.
doi: 10.1371/journal.pone.0084090.t001
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