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Abstract—The material’s stiffness plays a crucial role in tactile
sensors and stiffness controllers of robot joints, enabling robots to
interact with the environment. Conventional controllers or sensors
require apriori information about stiffness modulation to efficiently
control the collision with the environment and reduce its detri-
mental effects. Therefore, such inflexibility of real-time stiffness
variation may cause instability if the dynamic mechanical system
(a mass-spring-damper) changes during execution. In this paper,
we tackle the problem using a honeycomb metamaterial with a
tunable stiffness to design a tactile sensor capable of detecting
physical contact with low and high-impact forces. We experimen-
tally demonstrate that dynamic modification of the honeycomb
structure reduces the maximum impact force by ~ 30%, mitigating
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the rapid collision with the environment during contact detection. ol ::::.
The results show that the honeycomb attachment allows foramore 4 ®o
precise and controlled impact with varying degrees of energy and N

momentum transfer. The honeycomb attachment can be a valuable W High-impact  \ \ Low-impact

event event

tool for grasping, explosive motion generation, and tactile sensing,
requiring low-or-high-impact and controllable contact. Our study highlights the potential of using negative stiffness
honeycomb structures to improve the functionality of tactile sensors.

Index Terms— Force and tactile sensing, collision detection, compliance and impedance control, variable stiffness, tactile
sensors, physical inte ractions, nonlinear stiffness, honeycombs, potential energy storage.

I. INTRODUCTION There are two main concepts for collision detection: model-
based and sensor-based. The model-based method is an ar-
duous task. It requires torque sensors at every joint of the
robot and computation of its corresponding inertia matrix at
every time instance to estimate the external torques based on
the dynamic equations. However, the exact values of dynamic
model parameters (such as motor inertia or damping coeffi-
cient) are often not available, while experimentally estimating
them might require complex, time, and resource-consuming
experiments [3]. The robot model with approximate parameter
values results in a high variation and uncertainty in the torque
threshold level for contact detection, thus decreasing safety.
On the other hand, sensor-based methods could be deployed

S the integration of robots into logistics, manufacturing,
healthcare, and service continues to increase, the possi-
bility of physical interaction between a human and a robot
also grows. This, in turn, puts an increased demand for safety,
adaptability to the environment, and autonomous performance
capabilities of robots. A robot is considered safe if it does not
harm a human, itself, or the environment during its operation
and interaction with humans. A robot must be compliant
during disturbances and remain safe in nominal conditions,
unforeseen circumstances, and unpredictable conditions [1].
The safety of a robot manipulator necessitates the accurate

detection of collisions and the appropriate reaction to them [2].
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on simpler yet reliable position-controlled robots. Such an
approach does not require formulating an accurate dynamic
model of the robot and environment [4]. The contact is
detected by only analyzing the data from tactile sensors. How-
ever, these sensors are usually noisy and potentially dangerous
since a small error in sensor readings may lead to high-impact
forces during collisions, especially if the sensing layer is thin
and rigid.

Soft tactile sensors are one way to simplify the system and
guarantee a safe physical human-robot interaction. These soft
sensors can detect collisions, dampen their impact forces, and
control the momentum transfer during the interactions [5].
However, the significant downsides of soft tactile sensors
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Fig. 1: Tunable stiffness honeycomb-inspired soft tactile sensor attached as an
end-effector to a robot interacts with a fragile object. The honeycomb-based
metamaterial (right inset), has a non-linear force-displacement characteristic
with rigid and soft states (red and blue areas in the bottom plot) and variable
stiffness behavior. Adjusting the honeycomb beam’s buckling displacement
allows the stiffness to be tuned from a rigid (left inset) to a soft (right inset)
state.

are their limited sensitivity, responsiveness, and bandwidth
compared to rigid-material-based sensors [6]. Multiple at-
tempts have been made to improve the sensing performance
of soft sensors [7]. Fortunately, we can circumvent these
difficulties by utilizing hybrid sensors (incorporating rigid-
soft designs) [8], or tactile sensors with variable stiffness
(hard-soft states) [9] that can modify the system’s resonance
frequency and ensure the stability of the physical interaction
while providing a better frequency bandwidth and sensitiv-
ity. While the hybrid sensors can reduce the impact forces,
switching between hard and soft states allows changing the
sensor properties on-the-fly before or during collisions, which
is crucial for avoiding resonance instability [10], [11].

A promising approach for designing soft tactile sensors is
to employ metamaterials — artificially engineered structures
that exhibit unique mechanical properties not found in natural
materials owing to their specific geometric configurations.
For instance, such structures may possess unusual properties:
variable stiffness (positive and negative) [12], auxetic behavior
[13] or negative Poisson’s ratio [14], and visco-elastic behavior
[15]. The auxetic structure is applied in protective equipment
and fabrics [16]. Another example, origami-inspired structures,
popular in space applications and soft robotics, can also be
considered mechanical metamaterials since their folding pat-
terns give several valuable properties, such as programmable
stiffness, anisotropic elasticity, and energy absorption [17].
Finally, negative stiffness can be achieved and designed us-
ing the curved beams or von Mises trusses [13]. In Von
Mises trusses, the load can pass through zero displacement,
called snap-through behavior. They are popular in morphing
applications because they have bi-stable properties due to
the symmetric design [18]. Bi-stability is also popular in
MEMS as a mechanical state switch since it remains in one
of its states without the constant external force [19], [20].
In contrast, a metastable structure has one stable and one
quasi-stable state. Such metastable structures always return

to their stable state without external forces. In our study, we
implement a metastable structure with curved beams as the
variable stiffness elements to achieve tunable stiffness.

Therefore, in this work, we propose using metamaterial
structures composed of negative stiffness honeycomb beams
to design and construct a soft tactile sensor with an active
surface. To our knowledge, this is the first time mechani-
cal metamaterial is used as an active end-effector for robot
manipulators. We experimentally demonstrate the superior
performance of the metamaterial structure in applications for
contact detection, stiffness variation, and energy storage. We
perform the following experiments to assess the feasibility
of the metamaterial structure: contact detection and impact
response variation based on stiffness adjustment. The contact
detection experiment is designed to evaluate the sensitivity
of the honeycomb structure in responding to contact forces
under different pre-compression levels. The impact response
variation based on stiffness adjustment experiments examines
the structure’s ability to store and release the potential energy
during high-impact events, providing the solution for both
safe interaction and maximizing the impact by providing extra
momentum.

The structure of the paper is as follows: we start by
reviewing existing works on collision detection methods,
sensor-based contact sensing, and mechanical metamaterials
in Section This is followed by a brief description of
the theory describing the honeycomb behavior and design in
Section Then, in Section we report our design of an
end-effector based on a metamaterial structure consisting of
negative stiffness honeycombs for a robot arm (Fig. [I). We
test the proposed metamaterial in two experiments and analyze
the obtained results in Section [V| Finally, we summarize the
beneficial properties of the proposed metamaterial structure in
Section

Il. RELATED WORK
A. Robot collision detection and contact sensing

The common framework to deal with the collision is based
on the collision event pipeline [21], where collision detection
with the environment is the first phase in the mentioned
pipeline. Below, we review three main approaches used for
collision detection.

1) Model-based collision detection methods: In this method,
a model of a system, together with the output, state, and
input signals, are used to estimate the dynamic forces and
torques. The disturbance observers are used to identify the
unknown states and parameters of the robot’s dynamic system
and to detect possible collisions. The main sensors used in
the model-based approach are motor current sensors and joint
encoders [21]-[24]. Researchers provide various model-based
collision detection algorithms for arm manipulators and legged
robots based on momentum observer [2]. The main idea of
the momentum observer is monitoring the estimated external
torques exerted on the robot and comparing them with actual
torques applied on joints. Mamedov et al. [25] showed that
the momentum observer is both flexible and simple for tuning
and requires the least time to predict the collision compared
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to other types of observers such as sliding mode observer
[23], nonlinear disturbance observer [26], Kalman disturbance
observer [27], and filtered dynamics [28]. The momentum
observer is successful and cost-effective in detecting collisions,
as it estimates the sum of all torques generated by the
collision, but in perfect conditions. Van et al. [29] provided
a model-based collision detection and identification basis for
a quadrupedal robot with unmodeled loads. They utilized the
band-pass filtered external forces and chosen threshold level to
detect the collision by estimating the time span. Cao et al. [30]
proposed a model-based collision detection with sequential
dynamics identification and state-dependent dynamic threshold
based on the Lasso regression analysis method. Selecting the
values for static and dynamic parameters for model-based
collision detection algorithms is very challenging and may not
be applicable to all manipulators.

2) Sensor-based contact sensing: The sensor-based method
is a statistical method that relies on the sensor data only. To
understand the nature of contact, get feedback, and utilize it
for further interaction with the environment, tactile sensors are
integrated into the robotic system. Dahiya et al. [31] reviewed
the classification of robotic tactile sensing and classified sensor
types according to their working physical principle (resistive,
capacitive, optical, ultrasonic, magnetic, piezoelectric sensors)
and physical properties (gels, conductive rubber, etc.). Some
authors use a combination of sensors to get a multi-modal
tactile sensing system. Patel et al. [32] showed a dynamic
tactile sensor based on pressure, contact, and force sensor
embedded in a soft polymer. Mittendorfer et al. [33] presented
a relatively tiny multi-modal tactile-sensing module consisting
of acceleration, temperature, and proximity sensors emulating
human skin. The material structure of an object can be recog-
nized by analyzing the vibrations during the contact between
a tactile sensor and the object as done by [34]. Kaboli et al.
[35] presented the descriptors for differentiating textures and
objects via robot skin based on multimodal tactile sensors that
consist of an accelerometer, proximity sensor, normal-force
sensor, and temperature sensor.

3) Data-driven collision detection methods: Machine
learning-based methods can be viewed as a mix of the
aforementioned two methods. They use the robot dynamic
model coupled with data from joint torque or current sensors
to detect collisions [36]. These methods are robust with
respect to model uncertainties, parameter variations, and
sensor noise. Sharkawy et al. [37] provided a multilayer
feedforward neural network, where joint positions, velocities,
torques, and other variables are taken as the input, while the
estimated external torques are the output. Park et al. [36]
presented 1-D CNN and support vector machine regression,
coupled with momentum observers, as the main approach
to detect hard and soft collisions. However, they needed to
collect data for three different scenarios: hard collisions,
soft collisions, and collision-free motion. In their recent
work [38], authors provided a collision detection method
using an unsupervised anomaly detection algorithm by
autoencoders requiring only motor current measurement and
basic robot dynamics model without friction term. Kim et al.
[39] provided a modularized neural network by leveraging

the dynamics decoupling for each manipulator joint and
transfer learning for mass production. However, one common
disadvantage of these data-driven methods is that they require
large datasets of free from collisions joint torques in the
target robot.

While the above-mentioned studies focus on either a passive
or active approach to sensing, in the next paragraph, we
aim to show the dual-functionality (sensing and actuation) of
metamaterial structure, highlighting its potential utilization for
diverse applications.

B. Metamaterials

Mechanical metamaterial structures, based on their design
and geometry, can be divided into honeycombs, origami-
inspired structures, shape memory effect (SME) structures
[13]. There are two types of honeycomb structures: hexagonal
honeycombs and negative stiffness honeycombs (NSH) [15].
The hexagonal honeycomb structure has a property of negative
Poisson’s ratio which is beneficial for the structure since it
provides enhanced stiffness, flexibility, and energy absorption
[14]. However, one of the main disadvantages of the hexagonal
honeycomb structure is its unrecoverability, which means that
the compressed hexagonal structure can not be restored to
its initial shape due to plastic deformation. In other words,
the hexagonal honeycomb structures are for one-time use
only. The NSH is formed by several curved clamped-clamped
beams arranged in parallel and in series. A systematic and
deep understanding of the quasi-static and dynamic loading
behaviors of the NSH is crucial to their practical applications.
Many papers describe the behavior of different types of NSHs
on quasi-static and dynamic tests. Chen et al. [40] conducted
quasi-static compression for investigating mechanical perfor-
mances, cyclic experiments for exploring reusability, vibra-
tion isolation tests for discovering vibration control effects,
and plate-impact experiments for studying cushion properties.
These tests are conducted because geometric parameters could
have a great influence on the mechanical behavior of the
metamaterial structure i.e. limit in force, buckling, and bi-
stability. The use of NSH allows absorbing the impact energy
without transmitting it to an insulated object as opposed to
conventional springs with linear stiffness [15], [41], [42].
Some authors introduced the NSH structure as a 2D/3D
construction and provided a numerical analysis through quasi-
static and dynamic tests [43], [44]. Mechanical programming
is another direction in which mechanical metamaterials have
great potential. As one of the properties of metamaterial is
bi-stable reconfigurability, it can be used as reprogrammable
mechanological metamaterial (ReMM) for combinatorial and
sequential logic such as NAND [20], AND, OR, and NOT
logic gates [45]. Additionally, mechanical metamaterials can
be designed to exhibit a temperature-dependent shape memory
effect such that changes in temperature result in flexible shape-
changing capabilities, including multistable reconfigurations,
stimulus-activated restoration, and energy absorption during
compression [46]. Our focus is on investigating the dynamic
properties of the clamped-clamped double-curved NSH beam:s.
A brief presentation of the theoretical background and a
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detailed description of the design is presented in the following
sections.

I1l. THEORETICAL BACKGROUND
A. Curved beam design

Consider a clamped-clamped cosine-shaped double-curved
beam in Fig. , where w(x) - the transverse curve of the
beam. The curve is taken from the first buckling mode, which
is shown in [47], and, mathematically, is obtained by the
equation

w(z) = g[l - COS(QW%)]. (1)

Fig. 2: Negative Stiffness Honeycomb metamaterial design: a) schematic
drawing of the double curved beam with geometric and shape parameters;
b) schematic illustration of honeycomb beam model with two springs k1
and one spring k2; c) three NSH parts, each has one double beam of the
honeycomb; d) assembled NSH for the tactile sensor.

Let the Young’s modulus of the material be denoted as
E, the horizontal length of beam as L, depth of beam p,
number of rows of beam Z,, number of columns of beam
Z., force of local maximum f,,., force of local minimum
fmin such that 0 < |fmin| < |fmasz|- These parameters are
the necessary inputs for Algorithm 1 in Zhakatayev et al. [12],
which outputs the thickness of each beam ¢ and apex height
(height of the middle point of the beam) h. These parameters
are important for designing the metastable, critically stable, or
bistable honeycomb structures [12], [47].

As mentioned before, the concept of variable stiffness
behavior might involve both positive and negative stiffness
phases. The schematic illustration of the mechanical system
that models the behavior of the honeycomb is shown in
Fig. 2[b). This system can produce nonlinear stiffness be-
havior, generating negative stiffness by oblique springs and
positive stiffness by a vertical spring. Theoretically, it is
impossible to create a monostable system with only oblique
springs, because, in that case, the system will rapidly cross
zero-level displacement (snap-through behavior) and will go
to the second equilibrium position with mechanical energy
stored during initial deformation. In our proposed design of
the honeycomb, one double-curved beam is represented by
two oblique springs in the mechanical model. Material defects,
rough surfaces, and other imperfections introduced during the

manufacturing process lead to variations in the parameters of
the beam, which in turn implies that each of the honeycomb
beams has slightly different stiffness characteristics. For their
nonlinear force-displacement properties, the springs in Fig. Zb
are denoted to be nonlinear.

The force-displacement relationship of the mechanical sys-
tem modeling the honeycomb in Fig. Zb can be found from
the following equation

[ = (k2 + coy)y + 6(k1 + c1y)-
h2 + %2
% 1] (h-y) @
()2 + (h—y)?

where y is the vertical buckling displacement of the NSH, k;
and ko are the linear stiffness characteristics of the springs, ¢;
and co are the nonlinear stiffness characteristics of the springs,
f is the external force. The equation is similar to the one
described in [48]-[50].

The proposed honeycomb structure consists of three identi-
cal double beams intersecting at 120° when viewed from the
top, Fig. 2k-d. Double-curved beam configuration is used to
transfer from the first-mode-buckled shape to the third-mode-
buckled shape bypassing the second mode. The horizontal
length of each beam was chosen as L = 73.6 mm, while depth
p = 5.00 mm. Based on analytical modeling of Algorithm
1 from [12], the thickness of each beam was found as ¢t =
0.85 mm, and the height of the middle point of the beam
h = 3.0 mm. Three sets of double beams may be interpreted
as columns i.e. number of columns Z, = 3, number of rows
Z, = 1. These values of the parameters were selected to
achieve a randomly chosen fp,q,; = 5 N maximum load for
a single beam configuration. Since there are 3 columns and
double beams in each column, the overall force threshold for
the whole sensor is six times larger (f,q4. = 30 N).

IV. END-EFFECTOR DESIGN

The design of the experimental setup with an active negative
stiffness honeycomb as an end-effector is shown in Fig. 3]
The setup consists of the NSH structure, a robot manipulator
(Universal Robot 5), a microcontroller (Teensy 3.6), a mo-
tor (Dynamixel MX-106), a Hall-effect sensor (Hall Effect
Sensor Single Axis 8-SOIC 505-AD22151YRZ-ND, Analog
Devices), a fishing line as a tendon, and guiding and holding
structures. The detailed view of the proposed end-effector
design can be seen in Fig. ] The parts of the proposed
honeycomb were printed by using the Ultimaker S5 with
CPE (co-polyester) material. This mechanism is similar to
the interlocking of Lego pieces, where the protrusions on one
piece fit into the corresponding recesses on another, forming
a cohesive and stable structure as shown in Fig. PJd. Such an
approach helps to prevent a staircase effect in a curvilinear
path occurring in planar layer-by-layer printing [51]. Various
materials were tested on bucklings such as Nylon, PLA, Tough
PLA, TPU 95A, and CPE. Ultimaker CPE (co-polyester)
demonstrated the best behavior with distinguishable buckling
and high endurance. Due to the chosen geometry of the
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proposed honeycomb structure, during axial loading, the hon-
eycomb beams move to the elastic negative stiffness instability
phase. The proposed honeycomb structure was developed such
that it has a metastable configuration, e.g. if the external load
is removed, the honeycomb returns to its initial stable form.

One cylindrical neodymium magnet (with a length of 2.4
mm and a diameter of 6 mm) is connected to a 3D-printed
support mechanism such that when the honeycomb buckles,
the magnet also moves along the axis to the same distance as
the center of the honeycomb structure. The Hall-effect sensor
is located under the magnet and can sense the magnetic field
intensity. To get unidirectional motion, a tendon passes through
a linear bearing and a 3D-printed shaft which is fixed to the
NSH with one end. A motor with a pulley (17mm diameter)
can stretch the honeycomb vertically by 6.5 mm using the
tendon.

—> Controller

Motor ~ <¢——

> Hall
sensor

Tendon

Negative
stiffness
honeycomb

H
+—> Magnet

Fig. 3: Experimental setup: robot arm (UR5) with an exploded view of the
attached active tactile sensor. The sensor consists of a 3D-printed negative
stiffness honeycomb, Hall-effect sensor, neodymium magnet, microcontroller
board, servo-motor (Dynamixel MX-106), tendon (spectra tendon), a pulley,
a linear bearing, and guiding 3d-printed parts. The servo-motor controls the
displacement of honeycomb beams by adjusting the tendon’s tension. A Hall
sensor measures the distance to the magnet, which is proportional to the
beam’s displacement.

A. Displacement based on Hall-effect sensor

The intensity of the magnetic field was measured by the
Hall-effect sensor and converted to an analog signal by built-in
Teensy’s 10-bit ADC at a 500 Hz sampling rate. The magnetic
field sensor was preliminarily calibrated by measuring its
output data variation with the distance from the magnet to
the Hall-effect sensor. A distance was measured by a digital
caliper and a two-term exponential model was fitted to the
experimental sensor output-distance data (Fig. [3).

Fig. [6] represents the force-displacement relationship of the
proposed honeycomb structure received by conducting quasi-
static tests. To measure the force exerted by the honeycomb
during compression, we used a 6-axis Force/Torque sensor (
WITTENSTEIN SE hex21 F/T sensor) in our experiments.

Fig. 4: Detailed view of the reconfigurable tactile sensor with variable
stiffness: 1 - base, 2 - Hall Effect Sensor, 3 - proposed honeycomb structure,
4 - circular neodymium magnet, 5 - servomotor, 6 - tendon, 7 - guiding and
holding structure (mounts).

20.01#
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£
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7.5

5.0

XS
2.5 AL 2E% e e,
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Fig. 5: Calibration results of the Hall effect sensor readings versus the beam’s
displacement. The raw ADC data from the analog Hall sensor is on the x-
axis, and the beam displacement is on the y-axis. Then, the negative stiffness
honeycomb displacement is approximated from the Hall-effect sensor readings
by fitting the curve. The axes are rotated to show that the graph is used as a
lookup table to find the estimates of the sensor deformation. Every sample is
an average of multiple trials to improve the accuracy.

In the test, the robot arm with the proposed end-effector
moved toward the F/T sensor at a speed of 90 mm/sec. This
continued until the honeycomb reached the second positive
stiffness zone. The displayed red curve represents an average
derived from 10 trials (grey curves). The theoretical curve
was received analytically using the method developed by [12].
The difference between theoretical and experimental curves
could be due to the visco-elastic behavior of CPE material,
potential moderate plastic deformation, or deformations in
joints as explained in [15]. To consider the curve (Fig. [6]
blue circles) received by the mechanical model from Fig. b,
we assumed that oblique and vertical springs have only first-
order nonlinearity. An optimization algorithm (L-BFGS-B)
was applied to find the values of the coefficients used in (2)):
k1 = 100.0 N/mm, ks = 6.13 N/mm, ¢; = ¢5 = 0.01 N/mm?,
h =4.15 mm, L/2 = 19.56 mm.

V. EXPERIMENTS AND RESULTS

In this section, we present the results obtained from the
experiments conducted to measure the dynamic properties of
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Fig. 6: Force-displacement characteristic of NSH sensor. Experimental Data
samples include quasi-static tests conducted ten times (grey region) with a
mean force-displacement curve (red cross), analytical results (green squares)
for the model given by [12], analytical results (blue circles) for the model
given by Equation |Zl Touch threshold regions highlighted in pink and purple
are used for Experiment I (Contact detection).

the NSH structures. These experiments would also confirm the
safety and other functionalities of the proposed honeycomb
structure when used in the robot for interaction with the envi-
ronment. Firstly, we conducted contact detection experiments
since it is a crucial safety function of robot manipulators.
To this end, the impact force during contact was recorded.
Secondly, experiments were performed to measure the energy
storage and release capabilities of the honeycomb structures.
This is achieved by altering the stiffness of the honeycomb
sensor during a collision to vary dissipation levels and amplify
impact energy.

The NSH sensor, “ground truth” F/T sensor, and robot arm
were connected to a central PC (Z4 HP workstation with 32
GB DDRA4, Intel Core 19, NVIDIA RTX2080Ti, and Linux
operating system patched with the real-time kernel) running
Robot Operating System (ROS), which received the data and
saved it to a local data storage.

A. EXPERIMENT 1: Contact detection

In this experiment, the industrial robot manipulator URS
with the proposed NSH structure as an end-effector moved
horizontally until it collided with the fixed rigid wall con-
taining the F/T sensor. During the collision, the F/T sensor
measured the contact orce. The contact detection algorithm is
based on measuring the displacement threshold of NSH during
the collision. The Hall-effect sensor measures the displacement
of NSH via the magnet attached to the buckling part of NSH.
In the first part of the experiment, the NSH structure is initially
(before the collision) precompressed to 0.85 mm (a rigid state
in Fig. [) by the tendon connected to the Dynamixel motor.
During the collision, the manipulator was programmed to stop
when the NSH buckling reached the displacement threshold
of 0.15 mm (from 0.85 mm to 1.00 mm). The second part
of the experiment is similar to the first part, except that the
NSH is initially precompressed to 2.85 mm (a soft state in
Fig.[6) by the tendon and the motor. The NSH structure should
be additionally compressed by the same 0.15 mm threshold

(from 2.85 mm to 3.00 mm) during the collision before the
robot motion stops. Such procedure was conducted ten times
for each state (rigid and soft), and mean impact force was
calculated (red line in Fig. [7). It is seen that the impact force
in the soft state is less than in the rigid state due to the lower
stiffness zone (Fig. [7]b).

18 18
H
15 o H 15
12 12
- ho.
O
uw
6 6
3 A) Rigid 3 B) Soft
=
0 0
0 1 2 3 0 1 2 3
Time, s Time, s

Fig. 7: Modifying impact force of NSH sensor for the contact detection under
a) the rigid state and b) soft state. The maximum amplitude of 15 N in the rigid
state is reduced to 11 N in the soft state, allowing lighter contact detection.

B. EXPERIMENT 2: Collision energy assessment using
pendulum

In this experiment, by using a physical pendulum, we
demonstrate the ability of the proposed NSH with reconfig-
urable stiffness to alter the collision energy. The experimental
setup is illustrated in Fig. 8] A robot manipulator with an
NSH end-effector collides at a set speed (v, = 30 mm/sec)
with the physical pendulum, made of a wooden block rigidly
attached to an aluminum rod. The wooden block has a mass
m, = 1.78 kg, length S, = 12.4 cm, width S, = 4.9 cm,
height S. = 12 cm, and estimated moment of inertia around
its center of mass I, = 0.32 kg~m2. At the same time, an
aluminum hollow rod has a diameter of » = 12.1 mm, a mass
of m, = 51 g, and a length of L, = 36 cm. For a clear
momentum/energy transfer illustration, the rotation axis of the
pendulum is fixed in the plane perpendicular to the impact
force by attaching the pendulum’s rod to a shaft with two
bearings (each with a diameter of 2 mm) such that it has only
1 DOF (rotates around the shaft only). To record the impact ac-
celeration resulting from the collision in different honeycomb
configurations, the Sunfounder ADXI.345 3-Axis Acceleration
has been attached to the wooden cube and connected to the
Teensy 3.6 Development Board, which collects the data from
the accelerometer with a 500 Hz sampling rate. Such a low
sampling rate does not allow us to reconstruct the collision
event accurately and calculate the transferred energy. However,
it enables estimating the maximum acceleration values, which
can be used further to evaluate the collision energy differences.
Each part of the experiment was conducted ten times, and the
box plot of the peak accelerations is shown in Fig. [9] (on the
right) with the corresponding angle of rotation of the pendulum
on photos (on the left).

As in the previous experiments, we start with the first
configuration, where the robot manipulator with the proposed
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end-effector hits the pendulum when the honeycomb structure
is not compressed (shown in Fig. [ as a green case 3). Since
the honeycomb is rigid, it has high stiffness and low damping,
behaving as a rigid body. Therefore, as expected, it transmits
most of the collision energy to the pendulum, which results
in the amplitude of oscillations (maximum rotational angle)
oy ~ 2.4° after the impact and the peak specific acceleration
(expressed in g) a, =~ 0.73 (second-row inset of Fig. E[)

Next, we modify the stiffness of the NSH structure to the
soft state by compressing it by 3 mm with the tendon attached
to the Dynamixel motor. Then, the end-effector collides with
the pendulum at the same speed v,. Since the honeycomb is
soft, it demonstrates lower stiffness and higher damping than
in the previous case. It also means that more kinetic energy
from the robot arm is dissipated, reducing the contact force
and the momentum transmitted to the pendulum. Hence, the
pendulum has smaller rotational angle amplitude o, ~ 1.8°
and the peak specific acceleration a, ~ 0.63 (first-row inset
of Fig. [9).

Finally, we test the dynamic case, where the NSH attached
to the end-effector is in the precompressed state, and the ten-
don is released just before the collision. During this transition,
the stiffness of the honeycomb increases. Therefore, the NSH
structure releases the mechanical energy stored in its beams,
transferring extra momentum to the pendulum. Thus, the
transmitted energy includes the energy from the robot’s motion
and the energy released from the honeycomb. As a result,
the pendulum experiences higher rotational angle amplitude
ap ~ 4.1° and the peak specific acceleration a, ~ 0.87 (see
the third-row inset in Fig. 0). The experiments are similar to
what was done by [52], and the results show the same pattern.

VI. DISCUSSIONS

To demonstrate that the increased energy of the pendulum
in the last experiment comes from the energy stored in the
honeycomb, we compare the work done by the NSH structure
W sy with the additional potential energy of the pendulum in
the dynamic case AU. The work done by the NSH is evaluated
as

Yy
WisH =/ F(y)dy, 3)
Yi
where y; and y; are the initial and final buckling displacements
of the NSH honeycomb, respectively. This integral can be
found numerically by finding the area under the experimental
curve of the force-displacement relationship (shown in Fig.[6)).
In our case, y; = 0 and Y5 = Ymaz, Where yp,qq is the
displacement corresponding to the local maximum in the
force-displacement graph. Once the NSH displacement reaches
Ymaz» the honeycomb suddenly snaps into its second state. In
other words, no external force is required to move the hon-
eycomb after the displacement ¥,,,,,. Using the experimental
force-displacement curve, we estimate that Wy gy = 36.1 mJ

using the experimental force-displacement curve.
The potential energy of the pendulum at the angle 6 can be
calculated as

U=mpg(Ly + %)(1 —cos (9)). “4)

The potential energies of the pendulum at the maximum
angular displacement for the dynamic Uy, and rigid cases
U.i4 are found by substituting 6 = «, in the above equation.
To see the increase in potential energy of the pendulum,
the difference between the potential energies is evaluated as
AU = Ugyn, — Upig = 17.9mJ — 6.6mJ = 11.3mJ.

The efficiency of the honeycomb structure to store and
release the potential energy can be evaluated as
_ WAU . 5)

NSH

From the performed experiments, we estimate that v ~ 0.31.
Thus, the efficiency of the honeycomb structure with the given
material is around 30%. As the honeycomb is not perfectly
elastic, some energy is lost due to dissipative forces, friction,
and plastic deformation. The described dynamic state of NSH
can be utilized to store, amplify, and release mechanical energy
similar to muscles. This would enable rapid and explosive
dynamic moions. For example, Wang et al. [53] used the
concept of stored elastic potential energy for jumping robots.

Improved control of variable stiffness has several potential
applications. By adjusting the stiffness to the optimal level
at the moment of impact, the variable stiffness system can
deliver powerful and precise impact for hammering tasks [54].
Also, it might be utilized to reduce the impact force to prevent
or minimize the damage to the target or the actuator itself.
When moving at high speeds, decreasing the stiffness ensures
safe interaction and minimizes potential damage [55], [56]
due to unexpected collision. While in a static configuration,
stiffness can be increased for precise positioning and elastic
behavior. Moreover, changing the stiffness during interaction
can provide responsive haptic feedback to simulate impact
sensation [57], [58].

14

Fig. 8: Pendulum experiment concept: 1. Initial position, 2. inclination due to
the push with compressed state of honeycomb, 3. inclination due to the push
with rest state of honeycomb, 4. inclination due to the extra momentum

VII. CONCLUSIONS

This paper explored the capabilities of the honeycomb struc-
tures for contact detection, stiffness variation, and mechani-
cal energy storage and release. Due to the nonlinear force-
displacement characteristics, the honeycomb structures possess
variable and negative stiffness behavior. The advantages of
the negative stiffness behavior can be exploited by controlling
the compression of the honeycomb. We demonstrated that
the honeycomb can vary the contact stiffness of the end-
effector during interaction with an external object. This, in
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Fig. 9: Mean acceleration of the pendulum for three experimental cases: red
- soft state, green - rigid state, blue - dynamic state. The inclination angle is
proportional to the impact force and increases from 1.8° in the soft state to
4.1° in the dynamic state, demonstrating higher collision energy transfer.
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turn, enabled soft and hard types of contact, which can be
beneficial for applications related to soft robotics and robots
with variable impedance joints. The tendon, controlled by an
actuator, was utilized to precompress the honeycomb to the
desired level. Additionally, the honeycomb structures contain-
ing a magnet and a Hall effect sensor enabled the detection
of the contact event.

Furthermore, the honeycomb structures’ energy storage and
release capabilities were explored. The results demonstrate that
the honeycomb structures can store the potential energy and
then release it when desired. This enables them to function
as muscles, opening the possibilities for the honeycomb struc-
tures to be utilized for dynamic and explosive tasks. Our sensor
may be used not only as a collision detection mechanism
but also for manipulation with different stiffness levels and
for getting appropriate dynamic responses without tuning the
internal parameters of the manipulator or the controller. The
paper presents and summarizes the results of the extensive
experimental work.

Variable stiffness metamaterial structures can also poten-
tially be used for points-based shape recognition (soft state).
Compliance is the critical factor for robustness during inter-
action and safety for the environment and robot. Compliant
materials can provide benefits such as improved adaptability,
enhanced force control, increased energy efficiency, and pro-
tection against damage in case of collisions or unexpected
loads. Variable stiffness metamaterial structures based on
curved beams are compliant and can be applied for grasping.
During grasping, the negative stiffness component can help
mitigate excessive grasping forces and enhance the sensitivity
in interacting with delicate objects.

The developed contact detection is limited to a single point.
Extending the honeycomb structure to an array of sensors to
develop tactile skin is possible. Moreover, the NSH could

be replaced by a compliant system with near-zero stiffness
to increase stable control and improve the gripping capabil-
ities of robot end-effectors that handle delicate, soft, rigid,
and complex-shaped objects. Designing and incorporating
the properties of new metamaterials with exotic mechanical
properties composed of bistable and metastable honeycomb
structures will potentially enhance the state-of-the-art tactile
Sensors.
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