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Abstract: Autonomous legged navigation in unstructured environments is still an open problem
which requires the ability of an intelligent agent to detect and react to potential obstacles found in
its area. These obstacles may range from vehicles, pedestrians, or immovable objects in a structured
environment, like in highway or city navigation, to unpredictable static and dynamic obstacles in
the case of navigating in an unstructured environment, such as a forest road. The latter scenario is
usually more difficult to handle, due to the higher unpredictability. In this paper, we propose a vision
dynamics approach to the path planning and navigation problem for a quadruped robot, which
navigates in an unstructured environment, more specifically on a forest road. Our vision dynamics
approach is based on a recurrent neural network that uses an RGB-D sensor as its source of data,
constructing sequences of previous depth sensor observations and predicting future observations over
a finite time span. We compare our approach with other state-of-the-art methods in obstacle-driven
path planning algorithms and perform ablation studies to analyze the impact of architectural changes
to our model components, demonstrating that our approach achieves superior performance in terms
of successfully generating collision-free trajectories for the intelligent agent.

Keywords: deep learning; planning; recurrent neural network; robotics

1. Introduction

One of the most important sub-tasks of autonomous navigation, especially navigation
bound to an unstructured environment, is an intelligent agent’s ability to perform collision-
free path planning. It is paramount that the robot’s surroundings are understood to its best
ability, such that it can safely navigate in difficult environments. Traditional approaches
rely on heuristic rules of handcrafted features for solving the path planning task. However,
these methods may not extend well enough in the context of dynamic environments.

With the accelerated development of computing hardware, the Artificial Intelligence
domain has also seen an enormous rise in popularity. As a consequence, an alternative
approach to self-driving tasks is based on Al algorithms, commonly implemented as
deep neural networks. These algorithms, which are usually trained using sensory data
acquired from the autonomous agent, show potential in generalizing to new and/or
evolving environments.

Some Al-based approaches to the autonomous driving challenge divide the navigation
problem into smaller sub-problems and approach them individually. Others model the
entire navigation task as a black-box, expecting sensor data inputs and directly outputting
vehicle commands. Some of these algorithms use RGB image data in order to detect
obstacles in the vicinity of the autonomous agent and plan collision-free trajectories based
on the detected obstacles.

In this paper, we propose a different approach for tackling the autonomous navigation
problem, by using a recurrent neural network to model the dynamics of the environment
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in which the robot navigates. The environment dynamics, in the context of this work,
refer to dynamic obstacles present in the scene. Recurrent neural networks are a type of
model that can capture temporal dependencies and process sequence data, like objects
moving within the scene. By incorporating historic data in the form of previous sensor
observations from the mobile robot, a Recurrent Neural Network (RNN) can improve
the accuracy and robustness of a collision prediction algorithm, especially in complex,
unstructured environments.

We have chosen a recurrent neural network architecture due to its ability to capture
temporal dependencies within the input data. This enables the encoding of obstacle
dynamics within its layers and allows for using this additional information in the path
planning component in order to generate a safer trajectory for the mobile robot.

We conducted our experiments with data collected while the mobile robot shown in
Figure 1a was navigating on a forest road, with dynamic obstacles present in its vicinity.
Dynamic obstacles were represented by human subjects approaching the mobile robot while
it navigated in the forest road environment. Our experiments indicate a better performance
than the baseline.

(b) (c)

Figure 1. Vision Dynamics—Collision Detection. (a) A legged robot navigating in an unstructured
environment. (b) RGB-D sequence of observations provided as input to a deep neural network.
(c) Collision detection output as an occupancy birds-eye view grid.

The main contributions of this paper are as follows:

¢  The deep neural network architecture used to encode the dynamics of the robot’s
environment and predict future sensor observations based on previously gathered
information.

¢  The self-supervised training of our encoder network with processed sensor informa-
tion from an RGB-D camera.

*  The processing of the acquired RGB-D data in the scope of reducing the search space
of the planning algorithm.

¢  The usage of a custom asymmetrical loss function for training the neural network.
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e The path planning component, which incorporates the predicted observations when
generating safe trajectories for the mobile robot.

The rest of the work is organized as follows. The related work is covered in Section 2.
Our proposed vision dynamics algorithm is presented in Section 3. The experimental setup,
a detailed description, and comparisons with other algorithms are presented in Section 4.
The conclusions are presented in the final section.

2. Related Work

In recent years, the development of autonomous navigation solutions has seen a rise in
popularity in the scientific community, mainly due to the advances of artificial intelligence.
Several papers which explore various aspects of the autonomous navigation task, like
perception and control, have been published.

Some research treats the entire autonomous navigation problem as a black-box. The
proposed algorithms expect sensory information as input to a deep learning model and
directly output control signals. For example, one such approach can be found in refer-
ence [1], where the authors train a convolutional neural network to directly map pixel
information from a monocular camera to vehicle steering commands. This approach tries
to simplify the autonomous navigation problem by eliminating the necessity of individual
sub-systems like lane marking detection or path planning. Another approach uses the Deep
Reinforcement Learning (DRL) technique, where the agent is controlled via action—-reward
systems and is stimulated to take actions to advance toward its goal, as in [2].

Both End-to-End and DRL approaches show promising results in a controlled simu-
lated environment; however, the deployment of such algorithms in real-world scenarios is
difficult, due to the high unpredictability of the environment dynamics.

One example of Deep Reinforcement Learning being used in an unstructured nav-
igation task is the work presented in [3]. The authors used a simulated environment to
perform the training of their model, enabling the system to learn navigation policies and
then perform transfer learning as sim-to-real.

Another example of Reinforcement Learning employed to solve the unstructured
navigation problem is presented in [4]. Their proposal contains a framework based on an
uncertainty-aware learning based model and a self-supervised traversability estimation
model. The traversability model is then integrated with a model predictive controller,
which optimizes the vehicle’s trajectory while simultaneously avoiding obstacles present
in the environment.

Other work relies on object detection algorithms in order to identify obstacles from
the scene and to generate collision-free trajectories for the autonomous agent. Given the
large number of publicly available driving databases, object detection based on image data
is a widely researched area as well. In [5], the authors propose training a state-of-the-art
object detector algorithm in the hope of improving performance for self-driving scenarios.
Wang et al. proposed a collision detection mechanism based on a convolutional neural
network in [6] within the context of autonomous driving. Pramanik et al. proposed an
object detection and tracking system which handles video sequences in [7].

More recently, in [8], an obstacle avoidance method was proposed based on object
detection, with certain improvements in their model, like in the variable learning rate.

Object detection algorithms have high computational requirements and necessitate
various optimizations and improvements before being able to run in real-time. They also
face issues such as robustness to occlusions, illumination changes, and object deformation.

Another approach to the autonomous driving challenge, particularly to the collision
avoidance strategy, is based on occupancy grids, where the environment is represented
as a grid of cells, each cell having an assigned probability that indicates whether or not
the respective cell is occupied. Shepei et al. proposed an occupancy grid generation
algorithm based on stereo image input in [9]. Their architecture is based on ResNet, trained
to highlight static and dynamic obstacles within the scene.
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Another type of occupancy grid generation algorithm makes use of LiDAR data
instead of stereo cameras, such as the one proposed in [10], where the authors integrate this
algorithm into a quadrotor system and perform benchmark flights. Usually, algorithms
that handle LiDAR data suffer from high computation costs and limited scalability, as they
require the processing of large amounts of data.

Recurrent neural networks have also been in the spotlight for autonomous navigation
solutions. For example, the authors of [11] present a multi-step prediction of drivable space
in the form of occupancy grid sequences, using an RNN architecture that was trained on the
KITTI dataset, in the scope of learning motion-related features from the input sequences.

There are also approaches to the unstructured navigation problem which do not
rely on artificial intelligence. One example of such a work is [12], where the authors use
A* for calculating the global trajectory for their robotic platform, combined with a local
planner and a reactive planner to ensure that the robot will keep track of the computed
global trajectory.

A similar approach for a legged robot without using artificial intelligence is presented
in [13]. In this study, the authors propose an end-to-end path planning and navigation
system which is used by the robot to navigate in its” environment. The legged robot’s
trajectory is generated with the use of a nonlinear optimization method.

The method proposed in [14] uses LiDAR data, coupled with an autonomous map-
less navigation method based on [15] in order to perform legged robot navigation in an
unstructured, urban environment. This approach combines ranging sensing with Deep
Reinforment Learning and classical path planning in order for the robot to successfully
avoid the dynamic obstacles present in an urban environment.

These works demonstrate the potential of using object detection and deep-learning-
based approaches for obstacle avoidance in dynamic environments. However, they still face
challenges such as robustness to occlusions, illumination changes, and object deformation.
The training process for these object detectors is label-intensive as well. Additionally, some
of the methods use expensive sensors (e.g., LIDAR) to map the mobile robot’s environment
and avoid collisions with obstacles.

Basing our work on [16-18], we propose a vision dynamics approach for solving
the unstructured navigation problem for a legged mobile robot, based on processing
information coming from an RGB-D sensor through the use of a recurrent neural network
which predicts future sensory observations and feeds these observations into a modified
DWA algorithm in order to produce an obstacle-free trajectory for the mobile robot. We
demonstrate the effectiveness of the approach in a real-world scenario during a navigation
task on a forest road.

3. Methodology

The following notation is used throughout this paper. Superscript <t> is used to
denote a single discrete time step t. For example, a depth sensor measurement at time step
t will be written as 6</>. Predicted values are defined with the hat notation. A predicted
observation at time step t + 7 is defined as </*">. Vectors are represented by bold symbols.
A vector of sensor observations is marked as @ <!~ 7~1>, which represents a series of sensor
observations from time step ¢t — T to time step ¢ — 1.

3.1. Problem Definition

Given a set of historical depth sensing observations @</~™/~1> the current sensor
observation <>, the mobile robot’s current state s</> = [x<!>,y<t> v<t> ¢=<I>] and
a global reference trajectory Z;tfm’t+°°>, the objective is to construct a recurrent deep
neural network model which can encode within its layers the dynamics of the environment
and, based on historical sensor observations, can predict future observations for a finite
time horizon [t +1,...,t + n], where each time step t + 1,¢ + 2, ... represents one future
sampling time, bound by a time constraint of 100 ms. The agent’s belief, modelled with the
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neural network, is passed to the path planner algorithm based on the Dynamic Window
Approach and a collision-free local trajectory is generated for the mobile robot: th+l’t+”>.

Both local and global trajectories are represented as sequences of vehicle states: Z,,y =
{[xi,yi,vi, $i]|Vi € [1,...,N]|} and, respectively, Z; = {[x;,y;, v;, ¢;]|Vi € [1,n]}, where x;
and y; are the Cartesian coordinates of the vehicle, v; the velocity, and ¢; is the orientation
angle of the vehicle with respect to its initial orientation. # is the length of the generated
local trajectory, Z,, is the global reference trajectory, and Zy, is the generated local trajectory.

3.2. Scene Dynamics Encoder Network

The architecture of the encoder model is presented in Figure 2. The observations
coming from the RGB-D sensor are not directly processed by the network, but undergo a
series of preprocessing operations beforehand, as described in Equations (2)-(4). The input
sequence (historic observations) is accumulating in the Encoder memory unit, formatted
appropriately by the Sequence formatter block, and then passed through to the recurrent
neural network. The Clustering unit clusters the predictions coming from the neural network
and eliminates outliers. Encoding scene dynamics involves processing data coming from
the RGB-D sensor in order to create a representation of the current scene, as well as
predicting the evolution of the scene over a fixed time period. LSTM networks are well
suited for encoding scene dynamics due to their ability to learn the temporal dependencies
of the input data and use these dependencies for predicting future states.

f,r<e+1_a Cel
F C 20 - >
Sequence | 1 f,<,+;,,
formatter A 2D
FC; —m————
F<t+ns sy
i 20 = Ces2
Vs ‘[ op > = 23
o
Vﬂ—bt—:l» - ? E
g
=
Preprocessor Encoder O
proc . LSTM layers =
unit memory unit
I Cin
- > >
Vi~

Figure 2. Encoder model architecture. The input of the deep neural network is a sequence of length
T observations coming from the RGB-D sensor.

The encoder model is based on an LSTM architecture which contains multiple cells for
processing time-series data in the form of historical depth sensor observations of length .
The output of the model is a sequence of future observations of length .

Depth information coming from the RGB-D sensor is not fed directly into the network,
but it is processed beforehand.

First, using depth measurements from the sensor and, respectively, the depth camera
intrinsic matrix, the three-dimensional environment is recreated:

P3p = {[X;, i, Zi]|Vi € Djpg } 1

where X;, Y;, and Z; are the three-dimensional coordinates of the points P; Dimg is the depth
image. For every point in the depth image domain, corresponding 3D points are calculated:

X = (j_Cx)]%
Y = (i—cy)%y @

Z

z
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where j is the column coordinate of the current pixel from the depth image, 7 is the row
coordinate of the current pixel from the depth image, ¢ and ¢, are the optical center
coordinates, fy and f, are the focal distance coordinates, and z is the depth value at
coordinates (i, f).

Second, only candidate points that are closer than a threshold value are kept:

p<=pe = Tpin < d(O, Pc) < Tax, VPC € P3p 3)

where p is the filtered point, p. is the candidate point, o is the vehicle coordinate system
origin, Ty, is the minimum threshold value, T};4x is the maximum threshold value, and d
is the L2 norm, calculated as ||o — p||?.

Third, points that are below or above a certain height are eliminated:

p<=pc = Tyin < ch < Tmax/vpc € P3p (4)

where p is the filtered point, p. is the candidate point, Ty,;, is the minimum threshold
value, Tyay is the maximum threshold value, and Y), is the height of the candidate point p..
Eliminating points below the minimum threshold will also eliminate points that belong to
the ground, therefore easing further computation steps.
The resulting point cloud is then converted into a voxel representation in order to
reduce the input data dimension:
Vip = {1 JifP; € ?(z,],k) 5)
0 ,otherwise

where v(i, j, k) is a 3D space within the voxel grid.
Furthermore, the voxel representation is then projected onto a top-view occupancy grid:

Vop = {(X;,Yi)|X; € V3p,Y; € Vap} (6)

These two-dimensional grids accumulate into a historical sequence that is then fed as
input to the sequence formatter module from our algorithm.

Vop <0 1> = {V2<Di>,Vi eft—7t—1]J} @

A visual representation of the processing chain applied to the input depth images
can be seen in Figure 3. The history sequences V;B_T’t_b are, again, processed by the
sequence formatter module, which reshapes them to a suitable format for the LSTM module

of our algorithm.

RGB-D sensor Preprocessor unit

Figure 3. Preprocessing chain. Sensor data coming from the RGB-D camera is processed before being
stored into the Encoder memory unit. Depth information is reconstructed using the camera intrinsic
parameters into a three-dimensional point cloud. The point cloud is then converted to a voxel grid
representation. The three-dimensional voxel grid is then projected into a top-down view.
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At the heart of the scene dynamics encoder model there is a stacked LSTM module

with 7 layers. The output of each layer is then fed through a series of fully connected layers
in order to produce the predictions at time steps [t +1,...,t + n].
The resulting predictions \A/'2<]S+1’t+”> coming from the neural network, in the form of
predicted voxel grids for future time steps [t + 1,...,t + n], are passed to the clustering unit
for further processing. The clustering unit takes each predicted observation V2<Dt+i> and
performs DBSCAN, according to [19]. The output of this layer is, for each time step t 4, a
list of centroids plus the object size corresponding to each obstacle present in the current
time step. Obstacle points are sampled based on the centroids and sizes provided by the
clustering unit for each predicted time step ¢t + i and are accumulated in order to be fed to
the DWA algorithm.

The clustering unit also acts as a filter mechanism for the output data, using the Log
Odds method.

The data processing main workflow is presented in Algorithm 1.

Algorithm 1 Processing loop

Require: @</~ 71~1>
Require: 0=/~ > Current depth sensor observation
Require: obstacles = {} > Empty list of obstacles
fori e [t —1,t] do
P<1> <+ to_pcl(0<i>)
P<Z> + reject_outliers(P;)~
V3<Di> — to_3d_voxel(P3<I§>
V557 + project_2d(V;5~
end for
m {3 |Viet—1,t—1]}
‘7<t+l,t+n> (V<t71’t71>>

—_

> Obtain predictions

¢; + cluster_outputs(Z5 ™", VSH>)

forj € [0,cp,] do
obstacles < ¢; > Append obstacle
: end for

> Cluster outputs

= =
M 22

The RNN has been trained in a self-supervised way, over a number of 1000 epochs,
using an Adam optimizer with a learning rate of 0.001. The history size used for training
was T = 50 and the prediction horizon size was n = 30. This is equivalent to 5 s for the
history sequence and 3 s for prediction, respectively. For training the network, we used a
total number of 30 K pairs of input historical depth observations and target predictions.

A custom asymmetrical loss function was used, as shown in Equation (8), because of
the sparse nature of the output sequence data.

v 1 &
= DO VPO 1e 10— ®
i=
where « is a scale factor that increases the loss value for predictions that diverge from target
values and 1 is a function defined as follows:

©)

. 1 ,v-v=>o0
0 ,otherwise
After experimenting with the architecture and the loss function, the scale factor « was
set to 0.1.
A visual representation of the asymmetrical loss function is presented in Figure 4. It
can be observed that the function penalizes the model if the predicted voxels are marked as
occupied, when, instead, they should be marked as free-space.



Robotics 2024, 13, 15

8 of 15

Asymmetrical Loss

Figure 4. Asymmetrical Loss function. The asymmetrical loss function calculated for different values
of the scale factor «.

3.3. Path Planning Algorithm

For controlling the mobile robot, we used the Zero Moment Point (ZMP) algorithm [20],
which is described briefly in the following:

The Zero Moment Point can be described as the point Z on the ground where the net
moment along the vertical axis passing through Z is zero:

Y (Fi—2) x fi=0 (10)

where 7; is the position of the i-th foot contact point relative to Z and f; is the ground
reaction force at the i-th foot contact point
Assuming the center of mass does not move, the ZMP can be approximated as follows:

1 -
7 — 37 - X 7. 11
=P, < Zl‘,f i X7 (11)
where m is the mass of the robot, g is the gravitational acceleration, and 7 is the position of
the robot’s center of mass.
The desired target ZMP Z; is calculated based on the desired motion (e.g., walking
forward):

Zo= f(Bafr- o for) (12)

where f is a function that maps the desired motion to the target ZMP. The robot motion is
then adjusted to bring the actual ZMP close to the target ZMP. The desired ZMP Z; was
chosen based on the output of the Dynamic Window Approach algorithm, by selecting the
destination point from the optimal generated trajectory. Our DWA implementation is based
on a simplified non-holonomic robot model commonly encoutered in wheeled locomotion:

Xp41 = Xt + Upq1CO5 O
Yi+1 = Yt + Vp418In O (13)
Or11 = O + 611

where x and y represent the robot’s position in the 2D birds-eye view moving space, © is
the heading, and ¢ the desired direction.
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DWA first calculates a dynamic window w for the commands of the robot, based on
physical constraints regarding velocity and acceleration. Each command vy 1, 6;41 from
the generated dynamic window is used to produce a candidate trajectory. Afterwards,
predictions coming from the scene dynamics encoder network are used, together with
current sensor observations to reject candidate trajectories that intersect any obstacle
(predicted or observed). Each candidate trajectory that was not rejected in the previous
step is then analyzed with respect to several performance indicators, and the following
penalties are computed (see Algorithm 2):

*  Goal cost (e5), which represents the distance between the Cartesian coordinates of the
final state on the candidate trajectory and the coordinates of the goal point located on
the global reference trajectory.

*  Orientation cost (€4), which represents the difference between the orientation angle
from the final state of the candidate trajectory and the orientation angle from the
reference orientation angle.

*  Velocity cost (€,), which represents the difference between the mobile robot’s velocity
and the reference velocity.

*  Smoothness cost (€;), which represents the difference between the previous command
and the current command (if there is a significant difference between successive
commands, then the motion of the mobile robot will become course).

*  Trajectory cost (€;), which represents the sum of distances between Cartesian coordi-
nates of the candidate trajectory and the reference trajectory.

Algorithm 2 DWA control loop

Require: Zfe}_ cokteo> > Global trajectory

Require: V2<5H't+”> > Predicted observations

Require: V3~ > Current observation
Require: s</> > Current robot state
Require: ZMP < [

1: w < dwa_window/() > Calculate dynamic window

2: Ming = oo

3: forv,d € wdo

4 candidate <— dwa_loop(v, J)

5 candidate « reject_collision(candidate, s<>, V;p)

6 if candidate # @ then

7: €G < goal_cost(v,6,Z,.¢)

8 €p < orientation_cost(v, 6, Z,,f)

9 €y < velocity_cost(v, 4, Z,y)

10: €s < smoothness_cost(v, §, v<{~1>,

11: 5<t71>)

12: €t < trajectory_cost(v, 6, Z,¢)

13: C = Kgeg + K¢€¢ + Kyep + Kges + Kiep
14: if C < minc then

15: ming + C

16: ZMP < candidate[n]

17: end if

18: end if

19: end for

The collision rejection method parses all the centroids returned by the scene dynamics
encoder module and rejects all candidate trajectories which intersect obstacles, either seen
in the current timestamp observations or predicted by the neural network. After evaluating
the total cost C for each of the candidate trajectories, the one with the minimum cost is
selected and the ZMP gets updated.
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4. Experiments

For evaluating our algorithm, we used sequences of data recorded during the navi-
gation process of our mobile robot in the unstructured environment, more specifically, a
forest road navigation task. The mobile robot shown in Figure 1a navigated within the
environment, while potential collision situations were generated. In the meantime, depth
sensor data were captured and analyzed during navigation. A global reference trajectory
Zfejtfoo’”r00> was recorded for the mobile robot.

Samples of the data processed by the algorithm can be viewed in Figure 5. Depth
images—Figure 5b—are used coupled with the camera parameters in order to obtain a
3D representation of the scene—Figure 5c. Then, 3D points are processed according to
Section 3.2 and the three-dimensional voxel grid is computed—Figure 5d. This voxel grid is
afterwards projected in a top-down view—Figure 5e. RGB and depth images were collected
while the legged robot navigated on forest roads and interacted with humans, who acted
as obstacles for our algorithm. In Figure 5a, a multiple-obstacle scenario is presented; the
two persons are approaching the legged robot while it records RGB and depth images. The
thresholding performed on the reconstructed three-dimensional points can be observed in
Figure 5c. Ground points, as well as points that are too high or too far away from the robot,
are eliminated from the resulting point cloud before the 3D voxel grid is computed.

Figure 5. Experimental data processing chain. The experimental data used by the algorithm. From
top to bottom: (a)—RGB data, (b)—depth image, (¢)—3D representation, (d)—3D voxel grid, and
(e)—2D voxel grid.

The experiments were structured as follows:

Training and testing data were acquired from the navigation scenario.

The scene dynamics encoder network was trained using the preprocessed train-
ing data.

The path planning algorithm was evaluated on the preprocessed test data.

We defined a safe distance s = 0.5 m for our mobile robot. Each violation of this
distance, which meant that the mobile robot approached any obstacle within a radius less
than s, automatically triggered a collision event. Collision events were counted, producing
the first quality measure: n.,;.



Robotics 2024, 13, 15

11 of 15

The second evaluation metric was the cross-track error, defined as the difference
between the reference trajectory Z,,r and the generated local trajectory:

1 n
= Y 1F() il (14
i=0

where f(x) is the polynomial approximation of the generated local trajectory evaluated in
x and y; is the measured point y coordinate.
The third evaluation metric was the orientation error:

_ 120 . .
e¢:EZ|¢<1>_¢d<I>‘ (15)
i=0

where ¢<#> is the robot’s orientation at time step i and gb;i> is the desired orientation from
the global reference trajectory.

In order to reproduce potentially hazardous situations for the mobile robot, we experi-
mented with people interacting with it during navigation. Interactions consisted of people
approaching the robot from different angles and with varying velocity, in order to simulate
dynamic obstacles.

We simulated four scenarios: front collision, side left, side right, and multiple obstacles.
For the first scenario, a single person approached the mobile robot head on, while for the
side collision left and side collision right scenarios, the human would approach the robot
from the left and from the right sides, respectively. For the multiple obstacles setup, we
considered two persons for our experiments.

We compared our approach to the classic Dynamic Window Approach path planner,
configured with the same dynamic window generation parameters, as described in the
Section 3.

Additionally, we strictly compared our scene dynamics encoder network with a state-
of-the-art object detection algorithm, YoloV7 trained on the MS COCO dataset, as in the
original implementation from [21], in terms of accuracy, false positive rate—FPr and time
to collision—ttc on our test data. The MS COCO dataset contains annotations for object
detection (bounding boxes), semantic and instance segmentation, etc. [22] The time to
collision is the estimated time elapsed between the first available detection of an obstacle
until the respective obstacle crosses the safe distance threshold.

The results of the comparison between path planning algorithms are summarized
in Table 1, while the results of the comparison between neural networks are presented in
Table 2.

It can be observed that our proposal surpasses the baseline in all four test scenarios,
both in the first experiment, as a path planning component, and in the second one, as a
means of detecting dynamic obstacles present in the scene.

Table 1. Qualitative results on real-world mobile robot setup for path planning algorithm.

Scenario Algorithm Mol éct(m) ép(rad)
Front Ours 7 0.35 0.12
DWA 27 0.43 0.15
Left Ours 5 0.37 0.12
DWA 33 0.43 0.12
. Ours 3 0.29 0.1
Right DWA 32 0.39 0.11
Multiple Ours 5 0.32 0.16

DWA 37 0.32 0.12
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Table 2. Qualitative results on real-world mobile robot setup for deep learning architectures.
Scenario Algorithm ttc(s) FPr(%) A(%)

Front Ours 2.5 10 95
YoloV7 23 12 92

Ours 1.2 10 93

Left YoloV7 13 11 92

. Ours 1.3 11 92
Right YoloV7 1.0 11 9

. Ours 1.7 14 88
Multiple YoloV7 13 13 82

The number of collisions 7. was significantly lower in all four testing scenarios in our
approach than in the case of classical DWA. This suggests that including predicted observa-
tions in the trajectory generation step improves the obstacle avoidance capability of the
system. The cross-track error é.; and orientation error &y, respectively, were predominantly
lower using our proposed algorithm than in the case of classical DWA. This is caused by
the experimental tuning of the parameters included in our version of DWA (trajectory cost
€t and orientation cost €4).

The time to collision (ttc), false positive rate (FPr), and accuracy (A) values were better
in our approach than the YoloV7 variant because, in our proposal, the algorithm had more
data to decide upon, due to the inclusion of predictions for future voxel grids. Additionally,
using depth information instead of image data benefits the algorithm due to the fact that
there is no need to perform error-prone object recognition.

Ablation Study

For the purpose of assessing the performance of the components from our algorithm,
we performed three ablation studies.

In the first one, we compared three loss functions for our neural network: Mean
Squared Error, Mean Absolute Error, and Asymmetrical Loss, respectively. It can be ob-
served that the Asymmetrical Loss function converges the fastest out of the three functions,
while the loss value is the lowest. We compared the three functions over 500 epochs for
data in the validation set. The results can be viewed in Figure 6.

200 - - —— Mean Squared Error
175 L4 | Mean Absolute Error
—— Asymmetrical Loss
150 - -
v 125 A
3
—1 100
75 1
50 -
25 -
0 100 200 300 400 500
Epoch

Figure 6. Loss functions ablation. Ablation of Mean Squared Error, Mean Absolute Error and Asym-
metrical Loss functions. The Asymmetrical Loss function produces the lowest loss and converges the
fastest out of the three functions.
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The second study concerns the ablation of the prediction horizon size versus the
time to collision estimate (tfc) and false positive rate FPg. It is obvious that, by increasing
the prediction horizon size, the ttc values improve slightly; however, this also produces
a higher FPr. Our experiments suggest that the increase of the prediction horizon size
generates more noise in the predicted observations, which implicitly causes the algorithm
to signal more collisions. The results of the prediction horizon size ablation are shown in
Figure 7.

14

12

10

ttc(s), FPr(%)

£ (=]
1 1
— ‘L______-
Y [ Y N N N
I
I

Prediction horizon size(s)

Figure 7. Prediction horizon size ablation. Prediction horizon size vs. performance metrics: tfc and
FPg. A slight improvement of the time to collision metric is observed when the algorithm predicts
observations for a longer prediction horizon.

For the third ablation study, we compared the performance of the algorithm for
different values of the history size parameter. For the comparison, we used the following
values (in seconds): [1,3,5,7,10]. It can be observed that increasing the history size to a
value larger than 5 s does not bring significant improvements to our algorithm. There is a
slight improvement in the test result; however, the disadvantages outweigh the benefits.
The results of the history size ablation are presented in Figure 8.

100 A

= HHN
80
of N
N ERER
. JIH Il

1 3 5 7 10
History size(s)

A(%)

Figure 8. History size ablation. History size vs. accuracy performance metric. A slight improvement
can be seen when presenting a longer sequence of historical data.

5. Conclusions

In this paper, we have introduced a vision dynamics learning approach for mobile
robot navigation in unstructured environments. Our model is based on a recurrent neural
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network that processes historical data coming from a depth sensor and produces predictions
for future time steps over a fixed prediction horizon. We also described the process of
converting the depth image into a three-dimensional point cloud, and then voxelizing
the point cloud to a bidimensional grid of voxels that can serve as input for our deep
learning model.

We have evaluated our model on real-world data, which was gathered during the
mobile robot’s navigation on a forest road. The ability to directly encode scene dynamics
using a deep learning model has significant implications for robotics, as it can enable a
more accurate understanding of the surroundings and more precise interactions between
the robot and its environment, thus contributing to better decision making in tasks such as
autonomous navigation.

Future work can explore using more complex neural network architectures, as well as
integrating additional sensor inputs to the deep learning model, such as images or LIDAR
data, in order to further improve the accuracy and robustness of the model.
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This papet presents a new method developed to significantly reduce the necessary time for the ageing tests for different types of
photovoltaic cells. Two ageing factors have been applied to the photovoltaic cells: the concentrated light and the temperature. The
maximum power of the photovoltaic cells was monitored during the ageing process. The electrical de and ac parameters of the
photovoltaic cells were measured and analyzed at 1 sun irradiance, before and after the test stress. During the test, two photovoltaic
cells are kept at maximum power point and the other two are kept at open circuit voltage point. The method is validated through

the results obtained for the monocrystalline silicon solar cell.

1. Introduction

The reliability and durability are two important factors for
the new photovoltaic cells and panels, today perhaps at least
as important for them as the price per watt. The lifetime of
new photovoltaic cells such as, but not only, the multijunction
cells used in concentrated light whose efficiency is 46% [1]
and the very promising perovskite solar cells whose efficiency
increases very quickly at 20.1% [2], is not known.

Therefore, a predictive model for the lifetime and the
behavior of the new photovoltaic cells and panels is very
important for producers as well as for customers. The acceler-
ated ageing test for the photovoltaic cells and panels is one of
the main analyses which are the base of the predictive model
[3.4].

There are several methods to realize the accelerated
ageing test for photoveltaic cells and panels indoors, such as

(i) Damp Heat Test (DH): the ageing factors are the
ternperature and the relative humidity; the values for
these two factors are 85°C and 85%; the time for the
ageing test is over 2000 hours [5];

(ii) Highly Accelerated Stress Test (HAST): the ageing
factors are the temperature and the relative humidity,
but their values grow in comparison to DH, so the

temperature can be 110°C, 130°C, or 150°C, and the
humidity can be 85% or 100%; the increasing of the
ageing factors values leads to the decrease of the time
for the ageing test; in this case the time for the ageing
test is around 400 hours;

(iii} step-stress accelerated ageing tests: the ageing factors

are the temperature and the injected current to
emulate constant illumination; the temperature can
be 130°C, 150°C, or 170°C and the value of the current
is equal to the value of the short circuit current, I, at
1 sun multiplied with 700 or 1050; the test being made
for multijunction solar cells [6];

(iv) thermal cycling test: this method uses the variation

of the temperature between —40°C and 85°C and the
injected current to emulate constant illumination; the
amount of the cycling varies in function of the upper
limit of the temperature, 500 for 110°C, 1000 for 85°C,
or 2000 for 65°C; the injected current in the solar cell
is equal to 1.25 » I x no. of suns [7];

(v} potential induced degradation (PID): the ageing fac-

tors for the photovoltaic modules are the external bias
voltage, the temperature, and the relative humidity;
their values are 1000V, 50°C, and 50% [5] or 600V,
65°C, and 85% [8].



The lifetime for the Si photovoltaic panels now is known
and it is over 25 years [9]. The failure criterion is when its
maximum power decreases with at least 20% from the initial
maximum power [10].

Ninez et al. had defined a degradation failure criterion
for the multijunction cells [11]. The failure limit is when
the maximum power decreases with at least 2.5% from the
initial maximum power. Niinez et al. considered that a power
loss of up to 20% is generated by the other elements of the
concentrator photovoltaic system.

The degradation failure criterion for the silicon pho-
tovoltaic cell corresponds to losing 10% of the maximum
power through light-induced power degradation, occurrence
of microcracks, increase in series resistance, decrease of shunt
resistance, and so forth [12-14].

2. Method

The main goal of the accelerated life test is to reduce the
testing time under simulated working conditions. In DH test
the necessary time is arcund 2000 h and the target of the new
metheds is tens or some hundreds of hours,

There are many methods to perform the accelerated life
test, but there is scarce research using light as ageing factor,
because the majority use a climatic chamber and therefore
the concentrated light is difficult to use [11]. The researchers
had emulated the work conditions in concentrated light by
injection of the forward current equivalent to the photogener-
ated current by the photovoltaic cell at the level of the desired
concentration [11, 15]. In this case the stress produced on the
photoveltaic cells by the high concentrated light cannot be
taken into consideration.

The paper presents a new method for the accelerated
life test using the concentrated light obtained from a solar
simulator with a xenon lamp (called ALTCL). Due to working
conditions there are two stress factors: light and temperature.

The experiment set-up to apply the new method consists
of the solar simulater, the photovoltaic cells, the measurement
system, and the photovoltaic cells support cooled with water,
which is provided with a variable flow of water [16].

2.1. Solar Simulator. The experiments were performed at
Solar Technology Laboratory of Paul Scherrer Institute (PSI),
Villigen, Switzerland, using the high-flux solar simulator
(HFs8), which has ten xenon arc lamps cooled with high
pressure water, Figure 1. The highly concentrated light, similar
to the solar radiation, is obtained in the focal plane using the
lamnps.

The lamp reflector is designed as a truncated ellipsoid
[17, 18]. The accelerated ageing test was performed using enly
one of the ten Xenon arc lamps, which works at 10.6 kW. The
electric power of the lamp was maintained quasi-constant
using an automatic system.

2.2. Photovoltaic Cells’ Water Cooled Support. The photo-
voltaic cells’ water cooling suppert allows the mounting of the
four PV cells in different configurations and the maintaining
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of the PV cells temperature quasi-constant during the mea-
surements under concentrated light [16]; see Figure 2.

The facility of the various mounting of the photovoltaic
cells is necessary to have the PV cells illuminated with the
same or with the different levels of the concentrated light.

The temperature of the photovoltaic cells can be adjusted
using the levels of illumination and also the variable water
flow which can be assured by the automatic pump system.
The distribution of the illumination levels obtained with one
xenon lamp at PSI is presented in Figure 3.

The photovoltaic cells were positioned se all of them are
uniformly illuminated, with the same radiative flux, 190 suns.
The shutter of the solar simulator was gradually epened until
the temperature of the photovoltaic cells was 150°C = 2°C.

2.3. Measurement Systewm. The measurements were per-
formed in concentrated light and under illumination at 1 sun.

The measurements in concentrated light were performed
at PSI using a systern based on <RIO from National Instru-
ments and a module developed by our team which allows
measuring the current veltage characteristics, I-V, for all
four photoveltaic cells simultanecusly and also their tem-
perature. The photovoltaic cells’ temperature was measured
using a thermocouple for each of them. The maximum
power can be determined by measuring -V characteristic
of the photovoltaic cells, For measuring the current and
voltage on the photovoltaic cells the NI 9227 and NI 9215
modules were used. The first module is used to measure the
current threugh the photovoltaic cells and the second one
is used for measuring their output voltage. These modules
allow measuring all four channels at the same time. The
dynamic load used for measuring -V characteristics of the
photovoltaic cell is based on a large capacitor. The solar cell
temperatures are measured with a NI 9211 module which
allows sampling simultaneously for all four channels. The
DIO (Digital Input Qutput) NI 9401 module is used for start-
ing I-V characteristic measurements. Between measurements
of two consecutive -V characteristics aload can be applied to
the photovoltaic cells. The applied load is based on a MOSFET
which is contrelled using the four analog outputs of the NI
0269 module, Some of the studied photovoltaic cells were
maintained in the maximum power point regime while the
others were maintained in the open circuit regime.

The measurements under I-sun illumination were per-
formed using the Autolab PGSTAT100. This system allows
measuring {-V characteristic under illumination using the
potentiostat mode and also plotting and fitting the Nyquist
diagram using the Fra (Frequency Response Analyzer) mod-
ule,

2.4. Photovoltaic Cells. The photovoltaic cells chosen for
the experiment are commercial monocrystalline silicon cells
and InGaP/InGaAs/Ge multijunction cells. Four photovoltaic
cells were tested, two of each type. In each pair of photovoltaic
cells one of them was measured with load and one without
load.

The reason of the choosing the monocrystalline silicon
cells is that the lifetime is known. The monocrystalline silicon
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Lamp array:
(i) 10 Xe-Arc lamips

(i) Power rating: 15 kW (each)

Lambertian target
for radiation flux
measurements

3-axis traverse: r.
{i) Maximum load: 500 kg
{ii) Travel range:
1055 = 800 = 600 mum

Experiment in focus:

(ii} Peak flux > 10000 kW/m*
- (iii} Power rating: 15 kW (each)

Power and cooling:

. (i} 10 rectifiers

(ii) Water and air
cooling

(i) Total power through @60 mmm: 20 kw,, Reflector array:

(i) Ellipsoidal reflector

(ii} Protected aluminium
reflective coating

FIGURE 1: Schema of the solar simulator.

Frsure 2: The photovoltaic cells’ water cooled support with four PV
cells.

photovoltaic cells were cut at 0.5cm/0.5cm because the
systern can measure up to 5 A and for a good uniformity of
the illumination. The short circuit current measured at 190
suns is 1.65 A and the open circuit voltage is 0.668 V.

InGaP/InGaAs/Ge photovoltaic cells are made to work in
concentrated light, Their structure is triple junction and the
dimensions are 1cm/1 cm. The short circuit current measured
at 190 suns is 2.67 A and the open circuit voltage is 2.82 V.

3. Results and Discussion

The desired temperature for the test, 150°C, was obtained and
maintained quasi-constant using only the concentrated light
and the cooling system.

Ninez et al. [11] proposed two criteria for reliability of
the photovoltaic cell: catastrophic failure, instant drop in
power of the photovoltaic cells, and degradation failure, the
power decreasing with more than 2.5% for the multijunction

N -0 suns 3 320 suns
[ 125 suns [ 370 suns
I 150 suns [ 410 suns
[ 260 suns I 450 suns

Ficure 3: The radiative flux map and the positioning of the
photovoltaic cells,

photovoltaic cells which work in concentrated light and more
than 10% for the silicon photovoltaic cells.

The photoveltaic cells were subjected to 190-sun concen-
trated light and 150°C for 35 hours and 7 hours per day and
in the rest of day they were kept in darkness and at room
ternperature, After five days only the second criterion was
observed,

The result of the accelerated ageing test of the monocrys-
talline silicon photovoltaic cell without load during the
experiment is presented in Figure 4. The normalized power
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P/P,, which is the ratio between the maximum power P
determined during the experiment and the initial maximum
power P, of the photovoltaic cell at 190 suns and 150°C,
is represented over the time. The maximum power of the
photovoltaic cell was determined using {-V characteristic
which was measured every five minutes,

The normalized power of the monocrystalline silicon
photovoltaic cell without load decreases exponentially; see
the red fitting curve from Figure 4, and the degradation
failure criterion is reached after 10 hours. After 20 hours, an
asymptotic decrease is observed in the normalized power.
The normalized power after 35 hours is .83, which means
a decrease of 17%; see Figure 4.

The normalized power InGaP/InGaAs/Ge multijunction
photovoltaic cell without load decreases very slowly and after
35 hours it decreases only by 1.5%.

The decreasing ratio of the normalized power for the
photovoltaic cells with load during the ageing test, after 35
hours, was lower, 6% for the monocrystalline silicon (see
Figure 5}, and negligible for the multijunction photovoltaic
cell.

The photovoltaic cells were analyzed in static regime, dc,
and dynamic regime, ac, before and after the accelerated
ageing test.

I-V characteristics and power voltage, P-V, characteristics
are measured for each photovoltaic cell. The measurements
were realized with Autolab, under illumination at 1000 W/m?
irradiance (1 sun) and at this time the temperature of the
photovoltaic cells is maintained constant with thermostat at
25°C = 0.5°C.

Figure 6 shows I-V and P-V characteristics measured for
the monocrystalline silicon photovoltaic cell without load
before and after the accelerated test. By analyzing the results
it is observed that the short circuit current, I, decreases with
3.9% + 0.1%, the open circuit voltage decreases with 5.4 +
.19, and the maximum power decreases with 18.2% = 0.2%.
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Figure 5: The normalized power of the monocrystalline photo-
voltaic cell with load evolution over time.

The shape of -V characteristic around the knee (the
maximum power point), for the aged photovoltaic cell, shows
an important medification. This can be explained by the
increasing of the series resistance, R, and the decreasing of
the shunt resistance, Ry,.

IV and P-V characteristics measured for the InGaP/
InGaAstGe multijunction photovoltaic cell witheut load
before and after the accelerated test are presented in Figure 7.
The maximum power decreases with 15% z 0.1%, whereas
!, and V__ remain quasi-constant after the ageing process.
The shape of IV characteristic measured after the ageing
process remains almost unchanged, enly the effect of the
slight increase in the series resistance being observed,

The impedance spectroscopy [19, 20] with the frequency
domain technique is used to analyze the parameters of the
photoveltaic cells in dynamic regime before and after the
ageing process. An ac pure sinusoidal signal with amplitude
smaller than the thermal voltage, (AT /e), is superposed on
the dc bias signal. The measurements were performed at
bias voltage equal to V.., the voltage corresponding to
the maximum power point. The photevoltaic cells were
maintained at 25°C = 0.5°C and were illuminated at 1 sun,

The Nyquist diagrams, before and after the ageing pro-
cess, for the monocrystalline silicon photovoltaic cell without
load are presented in Figure 8 and those for the InGaP/
InGaAs/Ge multijunction photovoltaic cell without load are
presented in Figure 9. The important ac parameters of the
photovoltaic cells are obtained using the fitting procedure
with the equivalent ac circuit and they are presented in
Table 1.

The results obtained for the ac parameters of the photo-
voltaic cells confirm analysis for the behavior of the photo-
voltaic cells in static regime. The series resistance strongly
increases for the monocrystalline silicon photovoltaic cell,
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TapLE I: The ac parameters of the photovoltaic cells at 1000 W/m?® and 25°C,

Type of photovoltaic cell Ageing test R, (0] R, 1] C [nF]

Monoerystalline silicon without load Before (.23 £ 0.01 4967 + 0.2 644.3 + 3.5
After 0.76 £ 0.01 24,23 £ 016 4324+ 25

Monocrystalline silicon with load Before 0.22+£0.1 4971+ 0.2 6423+ 35
After 0.45 1 0.01 38,23+ 016 5524+25
Before 0.87 + 0012 1642+ 0.12 (19.43 + 0.1y * 10°

InGaP/InGaAs/Ge without load )
After 0.681 + 0,012 1839 £ 0.12 (1942 + 01} = 10
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whereas for the multijunction photovoltaic cell it slightly
increases, The same behavior is determined for the decrease
of the shunt resistance and for the capacitance.

4, Conclusions

A new method for the accelerated life test of the photovoltaic
cells was developed and verified. The novelty of the method is
the use of only concentrated light and the cooling system so
as to have two ageing factors: the light and the temperature,
The duration of the life test is reduced considerably,
for example, 10-20 hours for the monoccrystalline silicon
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photovoltaic cells without load at 190 suns. For monocrys-
talline silicon cell with load the degradation after 35h
at the same illumination is %. The maximum power of
InGaP/InGaAs/Ge multijunction cell without load at 190 suns
after 35 hours decreases with 1.5%, which means it does not
reach the limit of the degradation failure.

The maximum power of the photovoltaic cells with
load decreases slighter than the maximum power of the
photovoltaic cells without load, which proves that lifetime of
the photovoltaic panels increases if they work in load.

The parameters of the photoveltaic cells were analyzed in
static and dynamic regime at 1 sun and 25°C using [-V and
P.V characteristics and the Nyquist diagrams. The behavior
of the short circuit current, open circuit voltage, maximum
power, series and parallel resistance, and capacitance before
and after the ageing process was studied.

The future research will consist of increasing the duration
of the life test for the multijunction photovoltaic cells until the
limit of the degradation failure criterion is reached and also
we will apply the method validated by present work to test
other type of photovoltaic cells.
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Abstract—A novel Automated System for Cooling and
Measurement under Concentrated Light (ASCMCL) and
a new method to study the accelerated ageing of
photovoltaic cells by using concentrated light are pre-
sented. The measurement system created is an autonomous
one that can be used without surveillance. By using the
new method proposed in this paper, the time of the ageing
accelerated test is significantly reduced. The measure-
ments performed at the Solar Technology Laboratory of
Paul Scherrer Institute, Villigen, Switzerland confirm the
utility of the proposed system and method.

Keywords—photovoltaic cell; ageing; concentrated light; solar
simulator

L.

Nowadays researchers and manufacturers develop many
types of photovoltaic cells using different kinds of material for
obtaining cells with high efficiency and/or small per-watt
price, which are the most important requirements.

INTRODUCTION

The life time for some of the photovoltaic cells can be
relatively precise estimated, e.g. for the monocrystalline
silicon, the most used, it is of 25 years. For new photovoltaic
cells this important parameter is unknown or less studied, e.g.
for multijunction photovoltaic cells, whose efficiency reaches
44% under concentrated sunlight [1, 2].

Photovoltaic cells parameters, such as the photo-generated,
the short circuit, and the reverse saturation currents, the open
circuit voltage, the maximum power, the series and the shunt
resistances, the ideality factor of diode, the fill factor and the
efficiency, are object of many studies [3]. However, the
evolution of these parameters during the ageing process have
been little studied so far.

There are also many studies dedicated to ageing of
photovoltaic cells and panels depending of the temperature
and humidity, but there are few studies of the ageing by using
of concentrated light and high temperature.

The majority of the ageing tests used in the electronic
industry, consider the temperature and the humidity as
parameters [4]. The main disadvantage of this kind of testing
consists in the long time required. Reduction of the test time is
possible using accelerated ageing tests. There are several
typical accelerated tests for studying the ageing of
photovoltaic cells and panels, such as: Damp Heat test (DH),

978-1-4763-7239-8/15/$31.00 ©2015 IEEE
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Highly Accelerated Stress Test (HAST) or Highly Accelerated
Stress Test. Note that accelerated ageing tests are made in
climatic chambers, where it is difficult to use a light source.
The bias current is injected through the bus bar to simulate the
state of photovoltaic cells, when they are exposed to
concentrated light [5-7]. In the cases of the DH test and the
HAST, the Arrhenius model (temperature) and the Peck model
are used, the latter being a statistical thermodynamic model
(which considers the influences of the temperature and the
humidity) [4]. As a consequence in the aforementioned accele-
rated ageing tests, the degradation induced by the light is not
taken into account and the measurement current-voltage
characteristic of the photovoltaic cells is made in dark
conditions [8].

This paper proposes a new system for the accelerated
ageing test of photovoltaic cells using concentrated light.

II. THE ASCMCL SYSTEM

The experimental set-up for the accelerated ageing test in
concentrated light consists of: a high flux solar simulator, the
ASCMCL system and different types of photovoltaic cells.

A.  The high flux solar simulator

Measurements are performed by our team at Solar
Technology Laboratory, Paul Scherrer Institute (PSI),
Villigen, Switzerland, using the high flux solar simulator.

As it can be seen in Fig. la, the high flux solar simulator
(HFSS) uses an array on ten water-cooled high pressure xenon
arc lamps (Ushio UXW, 15kW) [9]. The HFSS has been
designed and built to obtain in the focal plane highly concen-
trated light, similar to the solar radiation [9]. High-power
xenon arc lamps are mostly used as radiation sources [10].
Their radiation is concentrated by specifically designed optic
reflector. The arc lamps usually radiate mainly in visible
domains of the spectrum, but there are also some components
in the ultraviolet and in the infrared domains. For obtaining a
spectral distribution closely to those of the AMI.5 solar
spectrum (air mass) standard, optical filters are used [11].

Each of the 10 lamps has its own reflector, which is
designed as a truncated ellipsoid, Fig.l1 b. The optimized
ellipsoid geometry was determined by Monte Carlo ray-
tracing simulations [10]: truncation diameter of 0.95m,
ellipsoid semi-axes of 1.685 m and 0.768 m, numerical
eccentricity of 0.89.



Truncation diameter
di=0.95m

Ellipsoidal
cross section

Protected aluminium
reflective coating

Focal length
2¢c=3m

b)
Fig. 1. PSI’s high flux solar simulator

The optimized reflector exhibits a focal length (distance
between the two foci of the ellipsoid) of 3.0 m. The design of
the lamp is made so that the brightest part of the arc coincides
with the primary focus of the reflector [12]. The reflectors are
mounted so that all second foci coincide.

Fig. 2. The schemata of the PSI’s HFSS when using one
lamp [12]
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Fig. 3. The cooling system

The accelerated ageing tests under concentrated light were
performed using four Iz)hotovoltaic cells, illuminated with 170
suns (1sun=1000 W/m"). To obtain this illumination level, it is
sufficient to use one single lamp to obtain the shortest time for
the ageing test, as indicated Fig. 2.

B.  The cooling system

The ASCMCL contains a cooling system since the tempe-
rature of the photovoltaic cells exposed to the concentrated
light (170 suns), will increase rapidly and the photovoltaic
cells will be damaged without cooling.

The cylindrical vessel cooling is made from aluminium,
see Fig. 3 b. and it has two parts welded together under
specific conditions. This design was made to ensure a very
good water flow inside of the device and to ensure a quasi-
constant temperature for the vessel base where the
photovoltaic cells are mounted. It has one inlet and three
outlets, see Fig.3 a.

The cooling vessel has some holes which permit the con-
nection of the photovoltaic cells with the measure system and



also the fixing of the thermocouples used for the photovoltaic
cells temperature measurement.

The automatic pump system ensures an adjustable flow of
the cooling liquid that was established at 7 1/min during all
measurements.

C. The measurement system

The measurement system consists of an electronic circuit
able to measure the current-voltage characteristic of the
photovoltaic cells with dynamic loads, a holder, the cRIO
acquisition system and a remote connected (via Ethernet) to a
PC with LabVIEW (Fig. 4).

The measurement system also allows the determining of
the maximum power and of the current temperature for each
of the four photovoltaic cells. These measurements allow
studying the photovoltaic cells ageing process. The thermal
camera also serves as back-up link in order to monitor the
system temperature and as an alarm system for monitoring the
temperature of photovoltaic cells.

The photovoltaic cells chosen for this experiment are: two
multijunction Emcore photovoltaic cells with 1 cm® area and
two monocrystalline photovoltaic cells with 0.3 cm” area each.

The photovoltaic cells were soldered on the small cooper
plates which are in very good thermal contact with the cooling
vessel, but are electrically isolated.

Four K thermocouples used to measure the photovoltaic

cRIO

[ ]

LAN
PC with
LabVIEW 4 Voltage 4 Voltage for
4 Current dynamic loads
I-¥ characteristics module Holder for 4 solar cells
with dynamic loads _ with 4 thermocouples
4 Voltape

& Current

Fig. 4. The measurement system schemata
cells temperature are mounted in intimal contact with the
cooper plates.

The measurement system was developed along the NI
cRIO 9074 platform equipped with the following modules:

e NI 9215 —-16 bits four simultaneously sampled analog
input channels dedicated for measuring the solar cells
voltage.

e NI 9227 — 24 bits four simultaneously sampled analog
input channels dedicated for measuring the solar cells
current;

e NI 9401 — 8 bidirectional digital I/O dedicated for

independently triggering the four I-V solar cells
characteristics measurement.
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Flox N2

Fig. 6. The radiative flux map and the positioning of the
photovoltaic cells

e NI 9211 — four simultaneously sampled thermocouple
channels used for measuring the each solar cell
temperature.

NI 9269 - four analog output channel-to-channel
isolated modules used for controlling the load applied
to the solar cell during the exposing period.

The NI cRIO platform was chosen because of the
possibility to build an autonomous monitoring system which
can work without the PC control, because the aging process is
a long period process. So, the PC was used for measurement
visualizing and for starting and stopping the measurement
application. The measured data were stored in the internal
memory of the NI cRIO platform, and at the end of the process
were moved to the PC in order to be analysed. All applications
was built in NI LabVIEW with LabVIEW FPGA add-on.
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For the characteristic measurement, the capacitor method
was used [13]. The value of the used capacitor is 22mF. The
corresponding electronic circuit has four independently
channels (one for each solar cell) and offers the possibility to
apply a controlled load for each photovoltaic cell between two
successive current-voltage characteristic measurements. The
dynamic load was built based of a MOSFET, controlled by the
NI 9269 module. In automatic operating mode, by using a PID
algorithm, the load was fixed at values that kept the solar cell
in the maxim power point, calculated for each measured
current-voltage characteristic.

Fig. 5 shows the PC application used for visualizing the
measured data from the cRIO module. This application allows
the sending of the measurement parameters and also of the
parameters for controlling the dynamic load applied to the
solar cell.

The desired light intensity for the four photovoltaic cells
was obtained through positioning the photovoltaic cells on the
surface with the same light intensity (Fig. 6). The blue surface
of the radiative flux map of Fig. 6 corresponds to 170 suns. To
ensure a homogenous light intensity, the monocrystalline
silicon })hotovoltaic (MC) cells were cut at a smaller area
(0.3 cm®) than Emcore (EM) cells (1 cm?).

The flux distribution was measured using the Al,O;-coated
target and CCD camera. The target that can be seen in Fig 3 is
cooled by water, too [12].

The target and the cylindrical vessel were mounted on the
XYZ table so that the photovoltaic cells are in the same plan
with the front plane of the target and the vessel center at the
same height with the center of the target. The flux distribution
was measured on the target and after that the vessel was
moved instead of the target.

For protecting the contact wires against radiation, Alumina
paper was used.

III. TESTS, RESULTS AND DISCUSSION

Nowadays the life time for the monocrystalline silicon
photovoltaic cells is considered to be of 25 years. In this
period, the maximum power delivered by the photovoltaic
cells decreases with 20%.

The accelerated ageing test targets also the decrease of the
maximum power of the photovoltaic cells by these 20%.

The previous accelerated ageing test did not use light
during the test. This paper introduces a new accelerated ageing
test for the photovoltaic cells using the concentrated light.

Using the concentrated light, the photovoltaic cells are
excessively warmed and no longer need a supplementary
heating device in order to maintain the temperature of the
photovoltaic cells at a specific desired temperature (e.g. 130°C
in our experiment).

There are two significant effects which appear when the
concentrated light falls on the photovoltaic cells: the light
induced degradation and the thermal degradation, because the
molecules at higher temperature have a high velocity and the
number of collisions increases.



At the start of a test, the level of illuminations was
increased step by step until 170 suns, in order to check the
system’s reliability.

The measurements were performed in four days at Paul
Scherrer Institute, after testing the reliability of the system.
The test duration in each day was seven hours. The intensity
of the light the water flow were maintained constant on the
entire measurement period.

The current-voltage characteristics and the temperature for
each of the photovoltaic cells were measured at every five
minutes and have been saved.

The maximum power of the photovoltaic cells was
determined in real time, during the measurements to monitor
the performance.

The measurements show that the maximum power of the
photovoltaic cells decrease faster for the monocrystalline
silicon photovoltaic cells than for Emcore multijunction
photovoltaic cells. This result had to be expected because the
Emcore cells are made to work at this intensity, but not at a
temperature of 130°C.

One of the photovoltaic cells was measured with load and
the other was measured without load for each of the two pairs
of the photovoltaic cells. This was made to analyze the ageing
behavior of the photovoltaic cells when these work or not.

The measurements show a faster ageing for the
photovoltaic cells used without load than the ones used with
load.

The current-voltage characteristic of the photovoltaic cells
was measured in the same conditions at 1000W/m” before and
after the ageing accelerated test. The current-voltage
characteristics for the Emcore multijunction photovoltaic cell
without load are presented in Fig. 7. The maximum power of
the Emcore multijunction photovoltaic cell decreases with
1.5% and of the monocrystalline silicon photovoltaic cell
decreases with 14% after the accelerated ageing test (28 hours,
170 suns and 130 "C). The ageing test is considered completed
when the maximum power of the monocrystalline silicon
photovoltaic cell decreases with 20%.

IV. CONCLUSIONS

The system which uses the concentrated light for the
ageing accelerated test of the photovoltaic cells is presented in
detail and also its functionality and reliability. The thermal
device to warm the photovoltaic cells is avoided by using the
concentrated light.

The created measurement systems is an autonomous one
and it can be used without surveillance.

The time of the ageing accelerated test can be significantly
reduced by using the new method proposed in this paper.

The measurements realized at Paul Scherrer Institute show
a decrease of 14% for the maximum power of the
monocrystalline silicon photovoltaic cell without load.

The reliability of the system allows determining the
necessary time for the failure of the photovoltaic cell, which
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means that the maximum power has to decrease with 20%.
These studies will be presented in the future works.

Also the temperature gradient in ASCMCL is very
sensitive and depends on many parameters. For further
research, based on these experiments, we performed a new
design for cooling vessel more stable on temperature
fluctuations.
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Abstract—Nowdays, using the concentrated sunlight is a big
issue because the amount of energy is very high and the light
is concentrated in a very small area. The main problem in
this situation is the heating, and in order to make safe
measurements a remote controlled robot is needed. After
that, a remote controlled robot will assume the duty of
protect the measured sample and to expose it for a precise
time to the concentrated sun in order to reduce heating of
the sample. For easy operating, and for automatize the
process, all the duties, starting with initial conditions,
continuing with triggering the measurements, and condi-
tioning the signals and finalizing with data saving must be
assured by the robot.

Index Terms—automatic measurements, concentrated sun,
remote control, robotic arm.

1. INTRODUCTION

A very promising renewable source of energy is con-
centrated solar power (CSP) obtained from solar concen-
trators. The solar North Africa continent and also Mediter-
ranean countries of the European Union have a big re-
source of sun. The best known its application is electricity
generation through thermodynamic cycles, but other
applications have also been demonstrated, such as solar
fuels and production of hydrogen, research in advanced
materials and water treatment. Unfortunately the less
studied process is the subject of solar cells in solar con-
centrator systems. Because of the boom of photovoltaic
cells recorded in last years, we have in present many types
of photovoltaic cells with different efficiencies and we
don’t have enough studies focusing of concentrated sun
effects on these cells. The areas of applications is quite
large starting with special equipment used on satellites and
continuing with powerful power stations placed in suitable
places on earth.

The concentrator makes it possible to focus sunlight
falling on a large area onto a very small area. This in-
creases the intensity of the solar radiation, leading to
greater power falling on the area of focus. The solar
intensity (or concentration ratio) is determined by the ratio
of the area of incident sunlight to the area that it is focused
on. Concentration ratios of the thousands have been
achieved [1].

The use of solar concentrators creates the potential for
the production of less expensive solar panels using high
efficiency multi-junction cells or mono-crystalline cells.
In general the materials used to build concentrators are
less expensive than photovoltaic cells. The concentrator
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takes up most of the area of a concentrator system, and
only a small amount of photovoltaic material is needed.
Concentrator panels could reduce the cost per watt ratio in
the point where solar power is an economical alternative.

Photovoltaic technology was developing since 1954 [1],
but it is not a widely used source for the production of
electricity yet. This is because the amount of produced
power compared to the cost of solar panels makes their
purchase uneconomical for most buyers. Significant gains
have been made in the cost per watt ratio since the 1970’s
reducing the price from $70 per Watt to under $4 per Watt
today [2]. However, this ratio needs to be reduced further
before photovoltaic technology becomes a viable resource.
Now the market is dominated by two types of photovoltaic
cells. The silicon cells are the most widely used; they
constitute 86% of the current market [2]. Mono crystalline
cell technology is well developed in our days because it
uses the same manufacturing techniques that are used in
the electronics semiconductor industry. In this process, a
mono silicon crystal is grown and then sliced into thin
wafers. This produces identical and efficiently cells those
are up to 15-17 percent efficient. However, the process is
quite time consuming and pretty expensive. A less expen-
sive but not so efficiently technique is the production of
polycrystalline silicon cells. In this process molten silicon
is poured into molds and allowed to cool, then sliced into
wafers similar to those in the single crystal method. This
method is very popular in these days. Many small silicon
crystals are formed in the mold instead of one large one as
in the single crystalline cell. This results in the efficiency
of the polycrystalline cell being lower, between 11 and 14
percent [2].

The remaining 14% of the PV market is based on thin
film semiconductors make up [2]. For this process, a thin
film of semiconductor material (most often amorphous
silicon) is deposited on an ordinary substrate such as glass
or composite. This process is fast and uses much less
material because the silicon layer is about one micron
thick. Because thin film has no crystalline structure, it
results in efficiencies of only six to eight percent. The low
cost of production faces the poor efficiency, and thin films
could be relevant in the future of the photovoltaic market.

Now days, efficient cells have been developed, but due
to their high price, they are used mainly in research or in
space technology. The most promising high-efficiency cell
is the multi-junction cell. Multi-junction cells are several
layers of photovoltaic cells stacked on top of one another.
Each successive layer has lower band gap energy, allow-
ing for the absorption of a wider range of the spectrum.

http://www.i-joe.org
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Figure 1. Solar tower

Boeing holds the current record for the efficiency of a
multi-junction cell at 34.2 percent [1]. This is more than
twice the efficiency of cells currently on the market, and
efforts are being made to increase the efficiency up to 40
percent.

Is not practical to build a solar panel out of multi-
junction cells because they are so expensive in the present
time. However, a solar concentrating system utilizing
multi-junction cells could be cost effective. At present
there are many different types of concentrators that could
be used in a photovoltaic system. These concentrators can
be divided into two different groups: reflecting concentra-
tors and lenses. In the former group the most common
concentrators are flat plate mirrors, spherical and para-
bolic mirrors, and cylindrical trough collectors. The most
prominent lens is the Fresnel lens. It was developed in
1822 for use in lighthouses and can achieve high concen-
tration ratios [1]. Newer lenses such as Aspheric lenses
and TIR (Transmission, total Internal reflection, Refrac-
tion) lenses can be used together to achieve concentration
ratios of over 300 while being only 2 cm thick.

The issue of using concentrators is not a simple prob-
lem because most concentrators rely on being directly
focused on the sun; any deviation causes a severe drop in
the concentration ratio. Some of the collected power must
be used to run a tracking system. Also, though it seems
that the power converted by a solar cell would increase
indefinitely with increasing illumination, is not the case.
As the intensity of illumination increases, the solar cell
heats up. It is a well-documented fact that the efficiency of
solar cells decreases as the temperature of the cell in-
creases. The loss in efficiency is about 10% for every 25
K increase in temperature [3], although the exact loss in
efficiency depends on the specific cell [4].

Also a too high temperature that can be achieved in
such cases can damage the cell’s integrity. This is particu-
larly important in dish and tower systems where a maxi-
mum uniform flux may be difficult to achieve. A reliable
cooling system is a very crucial issue, since any failure in
the cooling system can lead to catastrophic results from
cell damage to fire hazards in extreme cases. Coolants
should be selected to minimize the health and environ-
mental hazards. A simple design can help to reduce the
maintenance costs.

Many cooling techniques have been proposed for cool-
ing of solar PV cells under high concentration. These
techniques aim to attain low and uniform cell temperature
using simple designs. Royne et al. [5] have studied the
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Figure 2. Heliostats field

cooling of densely packed photovoltaic cells under high
concentration using a jet impingement technique. An
optimization is performed for selecting the jet diameter to
accommodate various cell illumination conditions. The jet
cooling technique results in non-uniform heat transfer
from the cells surface, although this non-uniformity didn’t
affect the electrical output strongly. Passive cooling
techniques are employed with linear concentrators like the
trough system where the concentration ratio is low, around
20 suns. Akbarzadeh et al. [6] used a heat pipe type
passive cooling system with R22 refrigerant as a cooling
medium to cool down a solar trough concentrated PV
system. Using channels attached to the back of the PV
cell, Lasich [7] managed to keep the cells at temperatures
around 40°C. Recently was checked the validity and
applicability for a new cooling technique, the immersion
cooling [8].

This paper presents a method for experimental solar
cells characterization into high concentrated solar light
without using another cooling system than simple classical
remove of heat from the back (opposite surface of the
incident flux exposed surface) of the cell.

Our method consists of rapid measurement of cell cur-
rent and voltage in about one second and immediately
covering the cell for its protection against powerful solar
radiation using a remote controlled automatic device.

The concentrated sun light was supplied by Solar Re-
search Facility Unit from Weizmann Institute of Science,
Rehovot, Israel.

The Solar Research Facilities Unit has a very sophisti-
cated solar tower with a north field of 64 heliostats, 56 m*
each, which on a bright day can collect 3 MW of solar
radiation in total. The tower has 4 vertical experimental
levels, 3 indoor and one outdoor on the roof for which
special safety precautions are required for the tests. In
addition, the facility has a unique 0.5 MW beam-down
facility, which has no equal in any other solar research
facility in the world (Fig. 1).

For our work we used one heliostat (Fig. 2) to obtain
concentrated sunlight from 700 to 1000 suns and the
whole experiment was made in order to obtain the pa-
rameters of different types of solar cells (commercial and
manufactured). The determination of solar cells and
panels’ parameters is important for researchers, manufac-
turers and users as well as for stand-alone or on grid solar
panels designers.
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Figure 3. Heliostats field

There are several methods to characterize and deter-
mine the parameters of solar cells and panels. Most of
these are based on using the current-voltage characteristic
[-V. The parameters that can be determined using one or
more [-V characteristics are: V. - open circuit voltage, I
— short circuit current, P, - maximum power, Ry, - shunt
resistance, Ry - series resistance, m - ideality factor of
diode, FF - fill factor, I, - reverse saturation current and 1-
efficiency.

A simple and quick method to characterize the solar
cells and panels is the plotting of the I-V characteristic and
its non-linear fitting using the one diode model, which
mathematically describes the behavior of photovoltaic
cells [9]. The approximation used for the fitting is

and thus the equation describing the one diode model
becoming explicit (2).

i ¥
I= i =Ty (emim —1) - = @)
CX . Gl 1.0
The fitting ensures the determination of the following
parameters: |y ls;, Rsh, M, Ppax and implicitly 1 and FF can
be determined using the P-V (power- voltage) characteris-
tic [10].

II.  ROBOTIC ARM

In order to achieve information at high concentration of
solar radiation, is necessary to build a special remote
controlled robotic device because the temperature on cell
is around 1000 °C and ordinary solar (not specially very
high temperature designed) cells or electrical contacts
couldn’t resist. This remote controlled robotic device is
constructed with two parts that work together: an I-V
module and a robotic arm.

I-V module is based on high capacitors (minimum 0.4
Farads) which also has very low internal resistance. In this
situation, we are able to obtain characteristics in less than
1 second and to expose the cell very shortly in order to
reduce cell heating. First, the robot shortcuts the capacitor
in order to obtain a fresh measurement; second, it moves
the robotic arm to uncover the solar cell and triggers the
measurements when the robotic arm is in position; in the
third step it covers the solar cell and in the last operation
saves the data into a file. The robot works under control of
12 bits National Instruments acquisition board which is
also controlled by a program in the graphical program-
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ming language Lab VIEW. The Lab View program was
created to interface both with the user and the computer.

At beginning the user start program computer and this
program send a message to the robot using NI board. At
the moment of receiving this message, the robot will close
a relay in order to produce a discharge of high capacity
capacitor with the purpose of recording only the voltage
acquired in measurement period of time. After this process
is completed, the computer program will be noticed (again
using NI boards) and it will pass to the next step, respec-
tively sending another message to the robot. This second
message will instruct robot to move the arm in order to
uncover the sample. When the movement is completed, a
sensor is activated and the computer program receives a
message from controller program thru NI board. At this
time, the NI board is activated in acquisition mode and the
measurement starts. This measurement is maintained for
Is and after that is stopped. During this period of time
1000 samples are collected. The length of acquisition time
(and of course the number of samples) is determined in
computer program also.

After measurement, the computer program flow to the
next step and sends a stop message to acquisition board
and to the robot also. At receiving the message, the robot
will move back its arm and will cover back the sample.
After this process is completed, the computer program
will receive a message for “job done” confirmation. In
every step of the described process an error tag is posi-
tioned in case of malfunction and the computer program
will show an error message in order to clarify the occurred
problem.

The controller is based on ATMEGA microcontroller
and all parallel ports are used in order to assure all neces-
sary functions. Furthermore it could be said that in the
same time communications with computer is provided and
also communication with acquisition board, with sensors
and I-V module are supplied.

III. I-V DRIVER AND LABVIEW PROGRAM

There are various devices and techniques used by re-
search for raising the solar cells I-V characteristics.

Among the most widely spread is the use of the elec-
tronic load.

There are three methods to operate an electronic load:
the constant current, the constant voltage, and the constant
resistance; from these it is advisable to use the constant
voltage, when the voltage is varied with the desired step
and the current on the cell is measured.

But the use of the electronic load presents two disad-
vantages. One of them is the duration of the I-V character-
istic raising and the other one is the high cost. The dura-
tion is in general of tens of seconds, enough to modify the
cells temperature. This fact leads to variations of solar
cells parameters during the measurements.

To avoid this temperature variation a thermostat can be
used to maintain the temperature constant during meas-
urements.

However an impediment appears because the solar pan-
els as well as the solar cells are encapsulated, this making
the use of the thermostat more difficult.

To remove all these drawbacks our I-V characteristic
module (Fig.4) is designed using the charging schematics
of a large capacitor. The functioning principle that under-
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lies this technique is measuring the current and the voltage
during the charging of the capacitor. The time duration of
raising the I-V characteristic of the solar cell is in hun-
dredths of a second range, fact that ensures that the cell
temperature variation during measurement is practically
zero. Another advantage is the high number of (V, I)
points which can be acquisitioned. The large number of
points allows a very good fitting of the I-V characteristic.

In aim of achieve a short charging time and because we
need a large capacity, it is mandatory to have a very small
internal resistance (= 40 mQ). Also in the same direction it
is necessary that the resistance for current measurement to
have a very small resistance (20 m<2).

Furthermore the voltage on the resistance is very small
and needs to be amplified before sending the signals to the
measurement equipment.

The conditional amplifiers are conducted by microcon-
troller on robotic arm and could be programed in order to
amplify with 10 or 100. After that, the signal could be
passed on shielded wires to the acquisition board. For a
good insulation digital signals are separated from analogi-
cal using different cables, also shielded.

For highly accurate measurements a National Instru-
ments NI 6009 acquisition board was chosen, with 8/4
analog input (Al) channels in the configuration Single-
Ended Channels/Differential Channels with a sampling
rate of 48kS/s and 14 bits resolution, 12 Digital Input /
Output (DIO), two analog input channels AO of a 12 bits
resolution and a counter. The connection of the board to a
laptop is realized by a USB connection.

The program for data acquisition is made using the vis-
ual VIs provided by default and configuring it. The only
special issue is that signals are forced in 1 and lowered in
0 only in time of the action in order to prevent the pertur-
bations, especially because of electromagnetics perturba-
tions in this special experiment. The user interface is
presented in figure 5.

Software applications were created in the graphical
programming language LabVIEW to control the circuit, to
automatically raise the [-V characteristic and to determine
the parameters. The applications were then compiled into
one complex application. The application is created on
tabs, see Figure 5. The first tab “Raising of I-V character-
istic” permits the control of the acquisition board, the
control of the capacitor, the plotting of the I-V characteris-
tic and the saving of the data. The tab “Determination of
parameters” permits the import of the processing file and
the determination of the interest cells parameters using the
method of the nonlinear fitting. The other methods to
determine the parameters of the solar cells and panels
described in the theoretical considerations were imple-
mented as sub-tabs in the tab “Applications”.

IV. RESULTS

Using the method just we studied different types of
solar cell behavior in concentrated light:

e at different solar illumination level (700, 900 and
1000 suns)

o at different temperatures (24 and 30 degrees Celsius)

o at different wavelengths in UV-VIS-IR range: 461
nm, 508 nm, 591 nm, 623 nm, 672 nm, 766 nm, 773
nm, 793 nm, 795 nm.
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Figure 4. I-V Characteristic

We founded correlation between the laser deposition
parameters and the optical and electrical properties of the
layers and also we determined properties and parameters
of the solar cells under concentrated solar power: short-
circuit current, cell efficiency, open circuit potential, fill
factor, maximum power, series and shunt resistance. We
recorded simultaneously current intensity, voltage, flux
and intensity of radiation using 4 channels of data acquisi-
tion plaque, for each solar cell.

An example of I-V characteristic of Si monocrystalline
cell at 700 suns is presented in figure 6. It shows a differ-
ent shape from one sun irradiation level, it has a high short
circuit current and open circuit potential is V,.=0.659 V.
Table I shows the values of the cells parameters obtained
at 700 suns using the method before described.

V. CONCLUSIONS

This paper presents a method for experimental solar
cells characterization into high concentrated solar light
without using another cooling system than simple classical
remove of heat from the back (opposite surface of the
incident flux exposed surface) of the cell.

Our method consists of rapid measurement of cell cur-
rent and voltage in about one second and immediately
covering the cell for its protection against powerful solar
radiation using a remote controlled automatic device.

The remote controlled robot was able to complete its
mission in protecting the solar cells and in raising the I-V
characteristics of 4 different solar cells and in more than
400 different experiments.

The whole system (which brings together digital elec-
tronics, analog electronics, data acquisition board, a laptop
and LabView program) worked fine even in strong elec-
tromagnetically perturbation.
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General IPhysics Remote ILaboratory based lon Ithel
NIIELVIS IPlatform land Moodlel

P.A.Cotfas',ID.T.1Cotfas!, IL. IFloroian®, ID. Floroian’1

ITransylvanialUniversity lof Brasov VYDEC IDepartment, Brasov, Romanial
Transylvania University of Brasov VATI IDepartment, Brasov, Romanial

Abstract—The present paper presents a solution to
implement remote laboratories for General Physicscourses
based on the NI ELVIS hardware platform and the e-
learning platform Moodle. The NI ELVIS controlling
applications were built in the NI LabVIEW software. At the
same time, LabVIEW was used for online publishing of the
user interfaces.

Index Terms—Moodle, LabVIEW, remote panels.

1. INTRODUCTION1

Inl thel technicall learning-teachingl process,1 thel
laboratory lcomponentlis lan limportant Ipart. IThelevolution1
ofltheleducational Iprocesslleads1tolthelintegration lofthe 1
distantllearning Ifacilities lin the kystem. 1

ThelMOOCs-1Massive1Open10nline1Courses 1concept1
was lintroduced1in12008, Ireferring1tolonlinelcourses1that1
canl allow] unlimited] participation] withl openl sharedl
curriculumbccessed vialweb [ 1].1Alongside lthe theoretical 1
aspect, Itheleducational Iprocess ImustIbelaccompanied by 1
thel practicall process.] Thel MOOCs]1 conceptl is1 nowl
completedl withl thel laboratoryl part,]1 usingl remotel
laboratories. 1So, the hew MOOLS I Massive IOpen0nlinel
Laboratories koncept lis lincreasingly lused. 1

Onel oflthelissues1ofl thel remotel laboratorieslis1thel
implementationl proceeding.l] Howl tol buildl thel userl
interface,1 how1tol publishlitl onlthel webl and1 how1to1l
integratelitlinIthe llearning Imanagement Isystem? IThere lare
allotloflopenlor Iproprietary Isolutions Ito Isolve lthese lissues 1
[2]1[31[4]. lIn1thisIpaper, lwe Ipresent lalsolution Ifor Iremote 1
laboratories limplementation based lon Ithe: 1l

» Moodlelplatform1-lusedlforllearninglcontentl
management, 1

User 1

with |E and

LabVIEW run

time engine

U_ser n Q Main server

with IE and e with Moodle,

LabVIEW run £ database and

time engine _,’ LabVIEW g

» NIELVISplatform}lused las hardware kupport, 1

» NI1LabVIEW Isoftwarel-lusedlaslenvironment1
forlhardwarelcontrollapplicationslandlalsolasl
user linterface web Ipublisher. 111

Thelimplemented Iremote llaboratories lare Idedicated 1to1
the1General IPhysics Icourses ltaught lto Ithe IElectrotechnics, 1
Automation land1Applied Informatics, ICivil, Industrial land 1
Agriculturall Engineeringl andl Installations1 forl Civill
EngineeringIspecializations.1The Inumberloflthelstudents1
who lare lcurrently lusing the ldeveloped Iremote llaboratories 1
isloverltwo lhundred. IThe Iremote llaboratories lapplications
arelused Iboth Ifor Istudents, las llaboratory Iworks, land lalso
forlprofessorslasldemonstrationlsupportlinlthelteachingl
process. 11l

1L THEIREMOTEILABORATORY IMPLEMENTATIONS |

1

Thelstructureloflourlremotellaboratorieslis1shownlinl
Fig.1.Titkonsists loflalmain kerver thatkcontains the Moodle 1
platform, Ithe IMySQL 1Database Iserverland Ithe ILabVIEW 1
software.1

Wel chosel tol usel thel Moodlel platform1 duel tol its1
widespread lacceptance. IMoodlelis lanlopen Isource Icourse 1
management]system1thatl canlbelusedltolcreate]lonlinel
learningKites. 11

Onl thel http://moodle.orgl webl site, 1 thel ready-to-usel
installer] packages1 canl bel downloaded] and1 thel wholel
installation] processl isl straightforward.1 Thel installerl
packageslalsolcontainlalweblserverl(Apache),laldatabasel
server (MySQL), land the PHP kcriptsoftware. 1

Therelislallarge loffer Ifor llearning Imanagement Isystems 1
onlthelmarket. IWelchoselthe IMoodle Iplatform1dueltolits1

Application server 1
with LabVIEW

B

Application servern
with LabVIEW

Figurell.l Thelimplemented remote laboratories structurel
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relativeleasy linstallation, Iworldwide lusage land Ibecause lit1
islopenlsource, lhavinglinImind Ithe Ipossibility Ito 1develop1
new1 modules,1suchl aslanl onlinel booking1 system1 forl
laboratories[5].1

ThelMySQL1Databaselserverlislused1forlthe]Moodlel
platform1 butl alsol forl communicationsl betweenl thel
LabVIEW1 applications] onl thel mainl serverl andl thel
applications lon the JApplication kervers.1

ThelLabVIEW lapplications lon the ImainIserverlare lused1
asluserlinterfacesIthatlare lpublished lonline. 1Using 1these1
interfaces, 1thelclientlsendslcommandslandlreceives1thel
results lfrom llaboratories. IThe communication Ibetween Ithel
two hpplications lis Imade through the ldatabase. 1

Theldatabaselcontainslaltablelforleachllaboratory.1Inl
this1tableltherelarelfields1that1lcontainthelstatuslofleachl
application, lifthe lapplication lis lactive lor Inot. 1At the lsame 1
time, Ithe Itable Icontains Ifields Ithat Istore Ithe Iresults Isent by 1
thel hardware1 controlling1 applications1 (HCA)1from1 thel
ApplicationIServerlandlalsolstoreIthelcommandslsent1by1
thel userl throughl thel onlinel userl interfacel applicationl
(UIA).10therl fields1storel thel status1of1thelapplication]
response: 1 iflthel responselislsentl orlnot,1orliflal newl
commandliskentlorhot.1

Ifl al newl command] is1 sentl byl thel user, 1 then,1 thel
commandlandIthe lcommandIstatus, lwhichlislchangedIto1
True,1 arel storedl inl thel database.l HCAT1 follows1 thel
command Istatus land Iwhen Ithis becomes 1T7ue, lit reads land 1
executes Ithelcommand. 1A fterlexecution, lthe IHCA Isends1
thelresponseltoltheldatabaselandlchanges1thelresponsel
status1to177ue.1Whenlthe IresponseIstatus Ibecomes17rue, 1
thelUIA Ireads lthe Iresults land Iresets both ktatuses. 1

ThelUIA lislonline Ipublished Ibased lon Ithe Iremote Ipanel 1
techniquel givenl byl LabVIEW1 throughl thel Webl
PublishingITool. IForlthis, litlis Inecessary Ito Thave ltwo lweb1
servers] onl thel mainl server.l Thel mainl webl serverl
(Apache),]1 whichl servesl thel Moodlel platform,1 isl
configuredlon lthe ldefault web Iport((80) land ithe ILabVIEW 1
weblserver,lwhichlserves1the IUIA, lislconfigured lon1thel
80801port.1ThelLabVIEW 1publishedlobject1throughlthel
remotel panell techniquelislinserted1inl thel laboratory’s1
Moodlelpage [(Fig.2). Inlthis Imanner, lthe llaboratory laccess1
and kecurity lis Jprovided by the Moodle Iplatform. 1

Thel actuall onlinel publishing1 technique 1 was1 chosenl
becausel itl isl user-friendlyl forl non-specialists] webl
programmers, laslitlisIshownlin1[6].1The lcommunication1
throughIthe ldatabaselbetween lHCA land 1UIA lisIgivenltol
thelremotellaboratoryldeveloperlaslalLabVIEW ladd-onl
developed Iby Ithe lauthors, Iso Ithe limplementation lis Imade 1
easier.1

Thel communication] techniquel gives1 developersl thel
flexibilityl tol usel differentl solutionsl forl thel UIA1
implementation,1suchlaslJaval Appletslorlotherlmodernl
web1 programming 1 techniques.1 Theldeveloperslneedltol
adaptltheirlapplications lto lcommunicate Iwith lthe Idatabase
andnotlwithHCA. 1l

Atlthelsame Itime, Ithe lcommunication Itechnique Ithatlis 1
beingl usedl allows1 building1 al spread1 structurel of1 thel
remote llaboratory. 1ThelApplicationIserverslcanlbeIplaced1
anywhere. IThe lonly Icondition lis lto have Ithe Ipossibility lto 1
belconnected Ito Ithe ldatabase lon Ithe ImainIserver. IThe luserl
is1 connected] tol thel laboratoryl throughl UIA,1 whichl
communicates] only1 with1 thel databasel serverl withoutl
knowing where the IHCA lIis running. 1

AlvideoIstreaming Iwas limplemented lin lorder lto havelal
visuallcontactlbetweenltheluserlandlthelhardware.1Thel
videol streaming] is1 alsol basedl onl thel remotel panell
publishing technique. Intthis kcase, lalLabVIEW lapplication|
forlvideolcapturinglfromlalweblcameralwasldeveloped.1
Thelpanel loflthis lapplication lis published lonline lusing lthe 1
remote Ipanelltechnique lfrom 1LabVIEW, 1too. 1Butlinlthis1
case, Ithelpublishinglislmadelaslalmonitor, Iwhich Imeans1
that lthe Ipanel lis Ipublished las lalsnapshot, which lis updated 1
atlalgiven ltimelinterval (0.3 1s1-10.5s). In ithe IMoodle Ipage, 1
thel LabVIEW 1 snapshotl is1 inserted] (Fig.2).1 With1 this1
technique, 12-3 Iframe/s lare lobtained 1forlvideo Istreaming, 1
whichlisenough lfor our remote llabs. 1

‘] — =
<] D w1 K0 o-
re

R Experfiient

SolariLab Charncteristic Measurements

T

i N e 1

Figure 2.1 The Moodlelpage Ifor remote llaboratories linterfaces 1

Fromlthelhardware Iperspective, Iwe lused Ithe INTIELVIS1
platform1 tol implementl thel laboratory1 works.1 Thel NI1
ELVISIplatformlofferslall Ineeded llaboratory lapparatuses, 1
suchl as:1 thel functionl generator,1 digitall multimeter, 1
oscilloscope, 1bipolarlvariablel powerlsupply,limpedancel
analyzerlandlspectrallanalyzer.1A llotlof1lablexperiments1
canlbelimplemented by lusing Ithese lapparatuses. 1Another1
reasonlforlchoosing1the INI1TELVISlislthelpossibilityltol
controllitlwithlapplications1developedlinlLabVIEW.1In1
this] manner,1thel onlinel publishing1 of1 thel applications1
becomeskasy.1

III. LABORATORIESIWORKS]

Thelauthors Itaughtlthe IGeneral IPhysics Icourses Ito Ithel
Electrotechnics,1 Automationl and1 Applied] Informatics,1
Civil,1 Industriall andl Agriculturall Engineeringl andl
Installations1 for1 Civill Engineering1 specializations.1 Thel
associated] laboratory 1 works1 forl this1 coursel havelbeenl
donelfaceltolfacelupltolnow,lonlthelbasisloflclassicall
apparatuses. | Now,1thellaboratoryl workslareldonelinlal
mixed Imanner, linltheIsense IthatIthe Istudents lare Isplitlin1
twol groups.1 Thel firstl students’1 groupl performsl thel
laboratory Iwork lhands lon, land Ithe Isecond Igroup Iperforms 1
thellaboratory Iwork Iremotely. lIn1this Imanner, Ithe Iresults 1
oflusinglbothlhandslonlandIremotelapproacheslcanlbel
studied.1

IntthisIstage, ifour llaboratory works Iwere ldeveloped land 1
integrated] inl thel teachingl learningl process.l Thesel
laboratory works lare: 1

» CompositionlofIT'woIPerpendiculariOscillations1
-thelLissajouskurve;1

» TheStudy bofBoltzmann Distribution;1
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» ThelStudyloflElectrical 1Resistivity1Depending]
onlthe Temperature;1

» I-V1 Characteristicl Forl Twol Terminall
Semiconductors -1SolariCell. 1

A. Composition of Two Perpendicular Oscillations - the
Lissajous curve

This1laboratory lworklisldedicated 1to 1the 1study lof1thel
composition] of1 two1 perpendicular] oscillations.1 As1 thel
resultloflcomposition, Ithe 1Lissajouslcurves lare lobtained. 1
Thel twol oscillations1 onl perpendicular] directions] arel
obtained lusing la transformer lconnected Ito Ithe Imain Ipower 1
network I(PNT) land Ithe Ifunctions lgenerator loffered by lthe 1
NIIELVISIplatform (NIIELVISFQG),1see1Fig.3.1Knowing1
thelfrequency loflone loscillation1(the lone Igenerated by INT1
ELVISIFQG), Ithelfrequency loflthelotherIcanlbelcalculated 1
basedlon{(1):1

NIELVIS
Oscilloscope
NI ELVIS
220V H d Funetion
—1 Generator
Transformer 1
FigureB.1 Schemataloflthelexperimental Kystem!
n
1 v o=y 1 (1
)
y

where In,and Iny represent the humber loflintersection points1
betweenIthelfigure land Ithelcoordinates laxes10x land 10y, 1
andl vx1 and1 v, 1 represent] thel frequencies] of1 thel twol
oscillations. 1l

The Iremote linterface loflthis lapplication lis shown 1

Figure¥.1 The Moodle Ipage lfor ILissajous hpplicationl

B.  The Study of Boltzmann Distribution

This1 laboratory1 work1is1 dedicated] to1 thel study1 thel
distribution] of1 thel gasl molecules] dependingl onl thel
potential knergy. 1

TheWistributionlislgiven by (2):1

%

— kT
1 N=Ne*™ , )1
where IN,represents Ithe Itotal Inumber lofImolecules, U lis1
thelpotential lenergy, kk lis the IBoltzmann Iconstant, land IT lis 1
theltemperature. 1

Forl easiness, 1 thel studied1 gas1 is1 thel electronicl gas1
obtainedlinsideloflalvacuumItubeldiode1(VTD).1Inlthis1
case, the Boltzman distribution kcan be Written las follows: 1

_eUf

1 N=Ne 1 31

where lUgrepresents the braking lvoltage. 1

ThelelectroniclgaslislobtainedlinsideloflthelVTDlasl
follows: lapplyinglalcurrent1throughlthelfilamentloflthel
diode, Ithislwarms1thelcathodeland 1by Ithermo-electronicl
emission the klectroniclgaslis kereated. 1

Asl thel intensity1 of1 thel anodicl current] created1 by1
thermo-electronic lemission lisIsmall, lan lamplifying Icircuit1
basedlonlanlinstrumental lamplifierlis lused. 1Tolstudy Ithel
distributionloflthelelectrons, lalbraking Ivoltagelis lapplied 1
betweenthe hnodelandkathode. 11

Thelintensity1oflthelanodiclcurrentlisl givenlbylthel
number loflelectrons Iwhose Ipotential lenergy lis Thigher lthan1
the braking lenergy keUr. 11

Thelexperimental Imounting lis Imade lon Ithe Iprototyping1
boardlofthe NIIELVIS Iplatform.1

Thelremotelinterfaceloflthislapplicationlislshownlinl
Fig.5.1

<0 Server nufmca untburo | ¢ » ’ v

Figurel5.1 TheBoltzman distribution Iremote linterfacel

C. The Study of Electrical Rezistivity Depending on the
Temperature

Thel applicationl isl dedicated] tol thel studyl thel
dependency loftthe kelectrical Iresistivity loflakcopper wirelon1
the wire temperature. 1

Thelresistivity ldepends lon Ithe Ithermal Ichaotic Imotion, 1
andlalso lon lthe spreading loflthe Iwaves lassociated iwith Ithe 1
electrons1 of1 impurityl atoms.1 Inl thel domainl of1 thel
temperatures lused lto Irealize lthe lexperiment, lthe Iresistivity 1
islproportional lwith1the ltemperature, 1the 1proportionality 1
relation being lgiven by lequation(4):1
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1 p=p,(l+ai) @)1
where1pyland1p Irepresent Ithe lwire Iresistivity 1at10°C land 1
respectively lattemperature It, land lo. Irepresents lthe Ithermal 1
coefficientlofthe Imaterial.1

Thelresistivitylisl determined 1 by I measuring1thelwirel
resistance IR lusing la ldigital Imultimeter land lapplying {5):1

A
1 pP=R 7 1 )1
wherelllis the llength land 1A lis the larea lof the section lof the 1
studied wire.1

Thel studied]1 resistorlisl al copperl wirel that1 has1 thel
following 1 geometrical l dimensions: 1length1=13.51mlandl
diameter1=10.24 Imm. 1Tolincrease Ithe ltemperature lof1the 1
copperlwire, lalpower Iresistance lis lused las lalheater. I Thel
copperlwirelislconvoluted laround 1the Ipower lresistance. 1
Thislsystemlislencapsulated1tolgetlalsmallltemperaturel
gradient.1

Theladjustmentlofithe temperature with Ithe ldesired Istep 1
isImade lusing the IPID hlgorithm. 1

Thel temperaturel is1 measured1 with1 thel temperaturel
sensorILM135,1whichlislinlcontactIwith Ithe Icopperlwire, 1
contactlmade withkiliconIpaste. 1

Thelexperimental Imounting lis Imade lon Ithe Iprototyping 1
boardlofthe NIIELVIS Iplatform. 1

Thelremotelinterfaceloflthislapplicationlislshownlinl
Fig.6.1

= Dowws

»

i
i

Enn'?'nng ¥l{ - (T

Figurel6.1 TheResistivity lvs [Temperature luser linterfacel

D. I-V Characteristic for Two Terminal Semiconductors
— Solar Cell

Thelfourthllaboratory Iworklisldedicated1to1studyIthel
photoelectric kffect based lonlphotovoltaiclkell. 1

Thellaboratory lis based lonIthe IRELab Iboard Ideveloped1
ashnhdd-onfor the NI EEL VIS Iplatform [ 7][8].11l

Thel mathematicl modell thatl describesl thel 1-V1
characteristicl inl this] casel isl givenl byl thel following1
equation: 1

q(V+IR,)

1 I=1,-I|e ™ 1

V + IRs
-1 (6)1

sh

wherell 1islthelshortlcircuitlcurrent,11,1is1thelreversel
saturation Icurrent, IRsIrepresents Ithe Iseries Iresistance, IRy, 1
islthe khuntlresistance, Im lis the lideality lfactor ofthe diode, 1
Tlisthe temperature, kk lis the IBoltzmann Iconstant, land Iq lis 1
theklementary kelectric kcharge. 1

Usinglthe IRELab ladd-on, Ithe lI-V Icharacteristcs loflthe 1
solarkellkcan be Imeasured land linterpreted. 11

Thelremotelinterfaceloflthislapplicationlislshownlinl
Fig.2.1

IV. CONCLUSIONSI

TheIpresentIpaper Ipresents lalsolution Ifor limplementing 1
thel remotel laboratoryl works1 basedl onl thel Moodlel
software platform land the INTIEL VIS lhardware Iplatform. 1

Thel Moodlel platforml wasl usedl asl al contentl
managementIsystem. IBy linserting lthe llaboratory Iworks las1
pageslinto theIMoodle Iplatform, the laccess land Isecurity lof1
thelplatformlis ipplied hlso o the remote llaboratory Ipages. 1

Thelonlinelpublishingluserlinterfacelislbasedlonlthel
web1 publishingltooll offered1 byl NI1 LabVIEW.11In1thisl
manner,litlisInotlnecessaryltolhavel weblprogrammingl
knowledge. 11

Theldevelopedllaboratorylworkslareldedicated1tolthel
General 1 Physics1courselforlengineering.1Thelfirst1threel
applications1 werel developed1 onl thel samel NI1 ELVIS1
platform1 reducingl thel spacel andl costl ofl thel usedl
apparatuses. [The fourth lapplication lis based lon the IRELab1
NIELVIShdd-on.1

Thel adopted] solutionl offers1 al variant1 forl non-webl
programming Ispecialists Ito limplement la lpowerful Iremote
laboratory kystem. 1
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Abstract— The objective of this paper is to present an algorithm for processing infrared images and
accomplishing automatic detection and path tracking of moving subjects with fever. The detection is
based on two main features: the distinction between the geometry of a human face and other objects in
the field of view of the camera and the temperature of the radiating object. These features are used for
tracking the identified person with fever. The position of camera with respect to direction of motion the
walkers appeared to be critical in this process. Infrared thermography is a remote sensing technique
used to measure temperatures based on emitted infrared radiation. This application may be used for
fever screening in major public places such as airports and hospitals.For this study,we firstlook at
human body and objects in a line of view with different temperatures that would be higher than the
normal human body temperature (37.8C at morning and 38.3C at evening). As a part of the
experimental study, two humans with different body temperatures walking a path were subjected to
automatic fever detection applied for tracking the detected human with fever. The algorithm consists of
image processing to threshold objects based on the temperature and template matching used for fever
detection in a dynamic human environment.
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Abstract— A new approach to the blood glucose concentration control problem is investigated in this
paper. The solution implies the use of fractional-order calculus both for the plant’s model and for the
controller. A fractional-order model of the insulinglucose system is derived from the well-known
minimal model, by replacing the integer derivatives with fractional ones. Next, fractional-order calculus
is used to extend the conventional model reference adaptive control, namely by using a fractional-order
adjustment rule for the controller’s parameters. The controller’s design procedure is detailed.
Simulations of the proposed control system show the performance in reducing the blood glucose
concentration when meal glucose disturbances are considered.
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Abstract—A new approach to the blood glucose concentration
control problem is investigated in this paper. The solution implies
the use of fractional-order calculus both for the plant’s model
and for the controller. A fractional-order model of the insulin-
glucose system is derived from the well-known minimal model, by
replacing the integer derivatives with fractional ones. Next,
fractional-order calculus is used to extend the conventional model
reference adaptive control, namely by using a fractional-order
adjustment rule for the controller’s parameters. The controller’s
design procedure is detailed. Simulations of the proposed control
system show the performance in reducing the blood glucose
concentration when meal glucose disturbances are considered.

Keywords—Fractional-order systems; insulin-glucose fractional
order model; fractional order adaptive control.

L.

Although the fractional-order calculus has long history in
mathematics, the idea of using it in control engineering is
relatively new. The first applications are the CRONE controller
presented by Oustaloup in [1] and the PI*'D* generalization of
PID controllers introduced by Podlubny in [2]. The main
restriction was the absence of solution methods for fractional
differential equations. Also, the complexity of the mathematical
subject and low computing power available a few decades ago
limit its use in engineering.

INTRODUCTION

However, at present time, many methods to approximate
fractional derivative and integral are available, thus the number
of applications using fractional-order calculus rapidly grows,
including process modelling and control [3-4]. In control
systems, the motivation for such an approach would be the fact
that most real processes are fractional, so a fractional-order
model would describe the real dynamics more accurately than
an integer-order model [3]. Examples are presented in [1], [4-
7]. When having such model, using a fractional-order controller
is reasonable, as design methods for such controllers were also
developed and tested in applications. Even more, many authors
pointed out that a fractional-order controller can perform better
than an integer-order one [7-10]. Other common problems in
systems theory, such as stability analysis, controllability,
observability, control performance were studied for fractional-
order control systems as well (for a review of fractional-order
control theory and applications please refer to [3-6]).

When it comes to closed-loop fractional-order control
applications, there are four situations [3]: i) integer-order plant

978-1-5090-4488-7/17/$31.00 ©2017 IEEE
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with integer-order controller; ii) integer-order plant with
fractional-order controller; iii) fractional-order plant with
integer-order controller; iv) fractional-order plant with a
fractional-order controller. The latter is used in this paper.

An even newer approach is to combine fractional-order
calculus with adaptive control concepts or methods, in order to
overcome the risks of inexact parameters’ value. Common
concepts as model reference adaptive control and MIT
adjustment rule [11] are modified to fractional-order reference
model [8], [10] and fractional adjustment rule [10]. The latter
proposes a modification of the conventional MIT rule in which
the parameter adjustment is done with a fractional-order
differential equation. The method is referred as adaptive control
with fractional adjustment rule.

In this paper, the theory related to fractional-order adaptive
control is applied in simulating a control system for blood
glucose concentration. More specifically, we simulate an
adaptive control system in which the parameter adjustment rule
is done by fractional-order equations. A fractional-order model
of the insulin-glucose system is introduced in Section II and
further used in simulations. In Section III, we present a
modification of the MIT rule, to be applied to the derived
fractional order model. The proposed algorithm is a fractional
MIT adjustment rule [8], [10]. The motivation for fractional-
order calculus in adaptive control is justified by the very good
control performance related to the integer-order [3]. Finally, in
Section IV simulation results are detailed to demonstrate the
validity of the method.

II. A FRACTIONAL-ORDER INSULIN-GLUCOSE MINIMAL

MODEL

Many insulin-to-glucose nonlinear models were proposed
over the years, validated by simulations and clinical trials.
Different approaches were considered. Some models are
focused on the details of the biological phenomena, while
others are simplified in order to use them in designing glucose
control systems [12]. The most widely used is the minimal
model, which is based on the model introduced by Bergman et
al. [13], and adapted by Cobelli et al. [14] for type-1 diabetes
mellitus patients. The minimal model offers the possibility of
using control theory (conventional or advanced) to design
automatic glycaemia controllers. The model describes the
dynamics of the blood glucose concentration under external
insulin deliver rate or glucose disturbance input (as a meal).



In this paper, we consider a fractional-order model, based
on the minimal model, in which we replace the original integer-
order derivatives with fractional-order ones. The modification
introduces a new parameter, the derivation order a e (0,1],

which is an alternative way to catch the patient’s particular
response to insulin injection.

The model is described as [18]:

DEG(1) =-[py + X(OIG(D) + pyG, +m(0)

DIX(1)==py X (1) + p31(1) (1)

DI I(t) = —nl (1) + tu()

where D;* refers to the o -order fractional time derivative.
The variables in the model are G(¢#) [mg/dL] is the blood
glucose concentration, with the basal value G, X(¢) [1/min]
is the dynamic insulin response, /() [mU/L] is the blood
insulin concentration, m(¢) [mg/min] is a glucose disturbance
input (which can be the result of having a meal). The system
input is the exogenous insulin rate u(#) and the output is the
blood glucose concentration G(¢) .

The parameters of the minimal model are described in
Table 1, with range values. The “nominal” values, used in the
simulations done for this study are taken from [15]. Please note
that, different sets of values (patient specific) can be found in
literature [16], [18].

TABLE L. PARAMETERS OF THE INSULIN-GLUCOSE MODEL
Parameter Description Unit Range Value Nominal value

)21 insulin-independent rate of glucose uptake in muscles 1/min [0, 0.0375] 0.0337

)22 rate for decrease in tissue of glucose uptake 1/min [0.02, 0.025] 0.0209

P3 insulin-dependent increase of tissue glucose uptake L/(mUxmin?) [6x107, 13x10] 7.51x10°

n decay rate for insulin in blood 1/min - 0.214

T insulin input conversion factor 1/L - 1/12
Gy basal level of glucose concentration mg/dL - 81

III.  DESIGNING A FRACTIONAL-ORDER ADAPTIVE
CONTROLLER

In type 1 diabetes mellitus, the pancreas does not produce
insulin. In order to reduce the blood glucose levels, exogenous
insulin has to be delivered through shots several times per day.
An automatic insulin delivering device could significantly
improve a patient’s life.

Closed-loop systems for automatic deliver of insulin are
presented in literature. In [15], [17] such system contains three
elements: an implantable glucose sensor, a pump, and a control
algorithm (see Fig. 1). The first and the second components
have been studied and developed [17], [19], and reliable
devices are already available. The most important part, still
under intense study, remains the improvement the control
algorithm. The controller has to compute the insulin deliver

Required Blood

Glucose Level 8 Error

T

\M

Glucose|Sensor

Controller

‘\______-——/"

Measurement (feedback through sensor)

rate, such that the blood glucose would remain at the required
level when glucose disturbance appears. In the same time, the
system must avoid hypoglycemia.

Many control algorithms have been tested on the minimal
model or on a linearized version of it: proportional-integrative-
derivative, model predictive, fuzzy logic, sliding mode, H-inf
and so forth. Good reviews are presented in [20-22].

The second objective in this paper is to design a fractional-
order adaptive control system, for the nonlinear fractional-order
insulin-glucose model. For that, we considered a modification
of the original Model Reference Adaptive System (MRAS)
scheme [11] in which the plant (insulin-to-glucose system) and
the adjustment mechanism contain fractional derivatives. The
scheme is depicted in Fig. 2. The control system contains two
loops: an outer loop for adaptation and an inner loop for system
stability.
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o
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Fig. 1. Block diagram of the usual insulin—glucose closed loop systems.
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Fig. 2. Model reference adaptive system fractional-order scheme for the
insulin-glucose model.

To determine the fractional adaptive control algorithm, we
started from the MIT adjustment rule [11], considering the
linear fractional-order insulin-glucose model. The conventional
linearization about an operating point is applied on the first
equation in (1), as in [15] or [23], which leads to:

D*G(t) = -p,G(1) - XG(1) - GX (1) + o
+XG+ PGy +ml(1)

with G and X defining the operating point. Further, the
constant term X G + PGy, is neglected based on the reasoning
presented in [23].

The linearized model can be expressed in the form of a
fractional-order transfer function G,(s)=G(s)/U(s), which

is further used to determine the controller’s parameters
adaptation rule in adaptive control. Please note that the Laplace
transform of a fractional-order derivative of a time variable is

LD ()} =5"Y(s).

When applying fractional calculus (more precisely the
fractional derivatives) the new MIT adjustment rule is [10]:

d%e
dr®

o
20

Oe
Ye—,

o0

=—y 3)

where 0 is an adjustable parameter of the adaptive controller,
e is the difference between the actual output of the system and
the output of the reference model, e(t) = y(t) - y,,(¢), v is the

adaptation gain, de/00 is the sensitivity derivative of the
system, and a is the order of the fractional derivative.

The desired time response of the fractional-order control
system is given by choosing a reference model. In this case, a
simple first order reference model can be set, with 30 minutes
constant time, which means that, when starting with a high
value for the blood glucose concentration, the system should
reduce it to basal value within two to four hours. So, the
reference model is:
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V() 1 1
R(s) 1800s+1 Ts+1

G,y (s) = 4)

To closely follow the output of the reference model, when
variations of model parameters are possible (see Table 1 for
their ranges), the model of the adaptive controller may be as
follows [11]:

u(t) = kyr(t) =k y(t) — k3 3(2) - (%)

where k|, k,, ky are adjustable parameters. Having the
control model, the new MIT rule is going to be applied on
plant’s transfer function G, (s):

Y(s)=G,(s)U(s) =
=G, ()kR(s) — kY (s) = k3sY ()]

Yisye—— 2O p ©)
114G (kg + Gy (5)k3s
G, )k
n0)= p Ok (),

.
1+G, (0ky + G, (Dk3p

where p is the differential operator.
A very important component in the MIT mechanism is the

error:
e(r) = {

Next, we derive the sensitivity derivatives by taking the
partial derivatives of the error taking into account the controller
parameters:

G,k
1+ G, (0ky +G (k3 p

~ Gy, (f)}(t) - (D

de(t) G,() o)

oy 14G,(0ky +G,(Ok3p

de(t) G,()

Uy 1+G, 0k + G, (Oksp” ©. ®
de(t) G,() )

gy 4G,k +G,0kp

The sensitivity derivatives cannot be used in the form
presented before, because the parameters in the plant’s model
are unknown (or at least uncertain in most cases). To avoid
this issue, the next approximation is required:

14+ G, (0ky +G (k3 p=Tp +1. 9)

Then, the controller’s parameters adjustment rules will be:



dmo (1

TR Y(Tpﬂr(t)je(t),
Ao (1

& —Y(Tpﬂy(t)je(t), (10)
A (1

at —{D+HM®W)

where G, (7) from the denominator in (8) is introduced in the

adaptation gain y [11]. Applying the Laplace transform on the
equations (10) results in:

1 1
ki(s) = —YST(HR(S)jE(S),
1 1
ky(s) = YF(HY(S)jE(S), (11)
k3(s) = L( ! sY(s)jE(s)
=T s Ts +1 '

Iv.

To simulate and evaluate the control performance of the
closed loop system, a Matlab-Simulink scheme and FOMCON
toolbox were used.

SIMULATIONS AND RESULTS

For simulations, the nonlinear fractional-order insulin-
glucose model in (1) is considered. (The linear one is used only
to design the fractional-order adaptive controller.) The goal is
to keep the glucose concentration level at safe values after
having a meal. The disturbance input in this case is the time
varying glucose absorption rate. We considered the model of
the glucose absorption from [24]:

(—t/t )
DgAgte max

2 s
max

m(t) =

(12)
t

where D, [g] is the quantity of carbohydrates in the meal (an

uncertain value, but in many simulations this is 50-60 grams),

Ag =0.8 is a constant that refers to the fraction of absorbed

glucose from a meal, and ¢,, is the time moment when the
absorption is at its peak value, which usually is around 40
minutes from the meal start.

We supposed that the patient’s initial blood glucose
concentration is G, =80[mg/dL] and after a meal with

Dy, =60g carbohydrates, this value will increase. (Note that

the meal is taken at 60 min.) The solution proposed for the
closed loop nonlinear fractional-order system reduces the
glucose concentration to the initial value, G;, (see Fig. 3).
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Fig. 3. Glucose concentration response

We considered three simulation scenarios, with different
values of fractional derivative order o [18] (patient specific
responses entail simulations with various values for a ):

e casel: a=1 and al=0.5;

case 2: =0.9 and a1 =0.5;

case 3: =0.7 and al =0.5.

(Please note that a is the order of the fractional derivative in
plant’s model and al is the order of the fractional derivative in
the adaptation rule for the controller parameters.)

As a remark, the simulations were done for the nominal
values of the parameters using the same control low in all
cases, with the adaptation gain y=0.1.

The system’s response using the fractional-order adaptive
controller applied on the nonlinear fractional-order insulin-
glucose model, shows that the glucose value is reduced at the
basal value within two to four hours and the blood glucose
concentration will increase differently, even if the same
quantity of carbohydrates are taken by all patients. Also, the
benefits of the method proposed can be seen by analyzing the
error signal (has to be reduced to zero, as seen in Fig. 4).

300

el o501

240
#{min]

60 120 180 300

Fig. 4. The error variation



Next, using the same control low and keeping a=0.7, the
insulin-glucose model parameters are changed as follows:

P =001, py =0.02, p3 =6x10" (yellow);

P =003, py =0.021, p; =2.5x10"° (magenta);
P =0.031, py =0.022, p3 =4.51x10"° (cyan);
P =0.032, py =0.023, p3 =6.51x10"° (red);
P =0.034, py =0.023, p; =8.5x10"° (green);

P =0.0375, py =0.025, p; =13.5x107° (blue);

The time responses of the glucose concentration for each
case are presented in Fig. 5, and the error variations in Fig. 6.

300

=200
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Fig. 5. Glucose concentration responses for different sets of values

for the parameters p;, pp, p3 -
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Fig. 6. The error time variation for different sets of values for the parameters

P> P2, P3-

Comparing the glucose concentration responses to the
nominal case, it can be concluded that using the same control
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low, in all cases, the glucose concentration achieve the basal
level within the desired time range and the error is reduced to
zero as expected.

V. CONCLUSIONS

For type 1 diabetes mellitus patients, a device that is able to
automatically deliver insulin based on measured values of
glucose concentration is significantly improving life. However,
such device should work efficiently for different patients or
situations. Besides acting in a reasonable time frame to reduce
glucose concentration from high values (when already reached)
to safety, such an automatic device should always avoid
hypoglycemia states. In control engineering, these two basic
requirements translate into settling time and no overshoot.

To obtain such operating mode for different parameters of
the insulin-glucose dynamics, an adaptive control algorithm
could be implemented. In this context, a new approach on how
to control the insulin-glucose system using closed loop control
is presented in this paper. We proposed a fractional-order
adaptive controller which adjusts its parameters in relation to a
fractional-order model of the insulin-glucose dynamics. The
new model is derived from the well-known minimal model, by
replacing the integer derivatives with fractional ones. The new
model additionally catches patient specific response by adding
a new parameter: the order of the fractional-derivatives.

Simulations prove that the desired time frame to reduce
glucose concentration is reached for different virtual patients
(different sets of parameters), without getting hypoglycemia.

A future work on the subject could be the design of a
fractional-order adaptive controller based on Lyapunov
stability.
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Ayurvedic medicine is one of the oldest medical systems. It is an example of a coherent traditional
system which has a time-tested and precise algorithm for medicinal plant selection, based on several
ethnopharmacophore descriptors which knowledge endows the user to adequately choose the optimal
plant for the treatment of certain pathology.

This work aims for linking traditional knowledge with biomedical science by using traditional ayurvedic
plants extracts with antimicrobial effect in form of thin films for implant protection. We report on the
transfer of novel composites from bioactive glass mixed with antimicrobial plants extracts and polymer
by matrix-assisted pulsed laser evaporation into uniform thin layers onto stainless steel implant-like
surfaces. The comprehensive characterization of the deposited films was performed by complementary
analyses: Fourier transformed infrared spectroscopy, glow discharge optical emission spectroscopy, scan-
ning electron microscopy, atomic force microscopy, electrochemical impedance spectroscopy, UV-VIS
absorption spectroscopy and antimicrobial tests. The results emphasize upon the multifunctionality of
these coatings which allow to halt the leakage of metal and metal oxides into the biological fluids and
eventually to inner organs (by polymer use), to speed up the osseointegration (due to the bioactive glass
use), to exert antimicrobial effects (by ayurvedic plants extracts use) and to decrease the implant price
(by cheaper stainless steel use).
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1. Introduction need for bone efficient antibiotics, such as aminoglycosides, is in

contrast to their severe toxicity when applied systemically. In view

Planktonic bacteria have the inherent ability to adhere to sur-
faces and stick on them, protected within an extracellular matrix
or slime, to give rise to a structure called biofilm. Thus, the biofilm
formation represents an adaptive process that enables microorgan-
isms to survive in severely harsh conditions.

A significant step in the implant-related infections prophylaxis
isrepresented by antibiotic therapy, but the choice of antibiotic, the
application form and the time points for their administration still
remain frequently debated issues in orthopedic surgery [1-4]. The

* Corresponding author.

http://dx.doi.org/10.1016/j.apsusc.2017.02.197
0169-4332/© 2017 Elsevier B.V. All rights reserved.

of these toxic side effects, effective local drug levels can hardly be
achieved at the target site.

Plant products, with the least side effects, are more and more
explored for their capacity to prevent biofilm formation and/or
eradicateit[5]. The incorporation of bio-friendly phytochemicals or
medicinal plant extracts into thin films represents a new treatment
paradigm for the dental or bone implant protection. The poten-
tial clinical benefits would be significant, including reduced risk
for revision surgery, preventing surgical site infection, accelerated
implant osseointegration and decreased healthcare costs.

Curcuma longa (fam. Zingiberaceae), popularly called turmeric,
is an Indian yellow-colored spice that has been used for millennia
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to treat a variety of skin, pulmonary, gastrointestinal, or hep-
atic disorders and wounds. Studies show that turmeric may help
fight cancer, infections and reduce inflammation [6-8]. Turmeric
extracts showed antibacterial activity and produced significant
inhibition of biofilm formation in case of bacteria isolated from
dental plaques exhibiting resistance against antibiotics, with mini-
mum inhibitory concentrations (MIC) of 2.5-10 mg/mL [9]. Another
report showed that C. longa is effective against most of the isolated
anaerobic bacteria from infected primary teeth [10].

Curcumin is the main bioactive phytochemical extracted from
turmeric and belongs to the polyphenol class. It has a signifi-
cant antibacterial and antifungal action [11,12]. Studies on the
effects of curcumin on periodontopathic bacteria are promising.
Curcumin suppressed almost completely the growth of Porphy-
romonas gingivalis, Prevotella intermedia, Fusobacterium nucleatum
and Treponema denticola, although it was ineffective against of
Aggregatibacter actinomycetemcomitans [13]. The compound was
able to alter architecture of mature multi-species biofilms, as
well as to significantly reduce the biofilm metabolic activity
[14]. Besides, curcumin can promote osteogenic differentiation of
mesenchimal stem cells [15], potentially contributing to implant
osseointegration. It also displays a potent anti-inflammatory activ-
ity [16].

In the same time, organic compounds with heteroatoms such
as oxygen, nitrogen, sulfur and phosphorus are the most reported
inhibitors for the metal corrosion. Organic inhibitors act by the
adsorption on the metal surface to form a protective layer that
decreases the corrosion rate [17-19]. In this regard, curcumin
(1,7- bis(4-Hydroxy-3-metoxyphenl)-1,6-heptadiene-3,5-dione) is
an environmentally friendly corrosion inhibitors [20,21].

Ocimum sanctum (fam. Lamiaceae), known as “tulsi” in Hindi
and “holy basil” in English, is as an important medicinal plant
in ayurveda traditionally used for treatment of various ail-
ments, including infections. Different parts of the plant have
shown antimicrobial, anti-inflammatory, analgesic, antipyretic,
immunomodulatory, adaptogen, antidiabetic, antioxidant and anti-
cancer activities/properties [22,23]. The essential oil extracted from
tulsi is rich in eugenol, a phenolic compound to which is attributed
its antimicrobial activity [24]. Extracts from the leaves of O. sanc-
tum have been found to inhibit the growth of several pathogens
involved in common infections, such as Mycobacterium tuberculo-
sis, Staphylococcus aureus, Pseudomonas aeruginosa, Escherichia coli,
Salmonella typhi and typhimurium, Bacillus cereus, Bacillus subtilis
and Streptococcus pyogenes [25-27].

The plant therapeutic potential in dental infections is already
explored [28-31]. O. sanctum leaf extract displayed antimicrobial
activity against microorganisms responsible for dental caries, pul-
pal and periapical diseases (Streptococcus mutans, Streptococcus
mitis, Streptococcus sanguis, Lactobacillus acidophilus, Actinobacil-
lus actinomycetemcomitans) [28-30]. Moreover, in Ref. [31] it was
demonstrated that a similar extract was efficient at a very low
concentration (5mg/mL) in destroying the Enterococcus faecalis
biofilm. Beyond its antimicrobial activity, O. sanctum has also
wound and mandibular fracture healing properties [32,33], that are
potentially useful for dental implant surgery.

Herewith, we propose an advanced nanostructure with syn-
ergetic properties, which combines several materials: bioactive
glass (with osseointegrating properties), ayurvedic plants extracts
of turmeric or tulsi (nontoxic, antibacterial agent and corrosion
inhibitor) and poly(methyl methacrylate) (PMMA) (for anticorro-
sive protection), all deposited onto stainless steel implant type
substrates. This structure was obtained by matrix-assisted pulsed
laser evaporation (MAPLE), based on previous experience with
achieving anticorrosive or antimicrobial composite thin films based
on bioglass (BG) and PMMA [34-39].

2. Materials and methods
2.1. Materials and experiment

316L medical grade stainless steel (SS) Plates 1 x 1cm? were
covered with protective nanostructures which contain bioactive
glass (BG), ayurvedic extract and polymer (PMMA). SS substrates
composition is: 64.26 wt% Fe, 18.51 wt% Cr, 12 wt% Ni, 2.13 wt% Mo,
1.44 wt% Mn, 0.58 wt% Cu, 0.56 wt% Si, 0.0265 wt% C, 0.0036 wt% S
and smaller concentration of other elements. The SS plates were
prepared prior to deposition, by mechanical processing (polish-
ing to a roughness within pm range (Rq=2-4 wm)), cleaning with
acetone, ethanol and deionized water in an X-Tra 30 H ultrasonic
bath.

A thin layer of PMMA on SS substrates was first deposited by
MAPLE. PMMA (C5HgO,),) is a linear thermoplastic biopolymer
with a melting point of 160 °C and a glass transition temperature of
85 °C. PMMA has been widely used as a biomaterial both in medical
applications and in some optical systems (contact lens as transmit
light up to 93%) [40,41]. It also can be used as denture base material
due to its proper properties, including well stability in the physio-
logical environment, as ease of handling and repair [42]. Secondly, a
thin layer consisting in BG + ayurvedic extract - turmeric (T) or holy
basil (B) was deposited on PMMA/SS samples. The final samples
were denoted BGT/PMMA/SS (with turmeric) and BGB/PMMA/SS
(with basil).

The chosen BG has the best bioactivity and biocompatibility and
contains 56.5% SiO;, 15% Ca0, 11% Na;0, 8.5% MgO0, 6% P, 05, 3% K,0
(in wt%). It is fabricated following the protocol described in Refs.
[43,44|. Turmeric used in the experiments is commercially avail-
able in form of capsule which contains 1100 mg C. longa extract
(standardized to 95% curcuminoids) and 5 mg Piper Nigrum (stan-
dardized to 95% piperine). Alike, the holy basil for the experiments
is commercially available and a capsule contains 800 mg of leaves
extract, standardized to 2% ursolic acid.

A matrix consisting in a solution of 0.6 g PMMA dissolved into
19.3 mL chloroform was used as a frozen target in MAPLE deposi-
tion of the first layer, according to a protocol described in Ref. [37].
MAPLE method is used in case of polymers and delicate substances
because it faithfully replicates the properties and functionality of
the starting materials, with no photochemical decomposition and
damage under direct action of intense UV laser pulses [45-49].
0.12g BG and 800mg T or B were dissolved then into 15 mL of
deionized water and frozen in liquid nitrogen temperature in aim
to deposit the second, top, layer.

All experiments were conducted using a KrF* (A=248 nm,
TrwHM < 5ns) excimer laser source which was operated with 5Hz
repetition rate at fluence of 0.55]/cm2. For the growth of each
thin film, 5000 subsequent laser pulses were applied. In order to
obtain a uniform layer and to avoid drilling, the target and sub-
strate were continuously rotated at 50 rpm, while the background
pressure inside the deposition chamber was set at 2 x 1072 mbar.
Throughout the depositions, the target was kept at liquid nitrogen
temperature using a cryogenic setting.

2.2. Methods for films characterization

Glow discharge optical emission spectroscopy (GDOES) analy-
ses can provide information about chemical composition of the
material, not only related to the surface but also in the depth. Rel-
ative intensity represented on y-axis is proportional with atomic
concentration, so this is a quantitative method for composition’s
determination. GDOES studies were performed on all specimens
using a Spectruma Analytik GMBH Hof, Germany) operated at 20 kV
The investigations were performed in triplicate, on relatively large
areas of (250 x 250) pwm?.
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Fig. 1. FTIR spectra of BGT/PMMA/SS (a) and BGB/PMMA/SS (b) samples after dif-
ferent immersion time into SBF.

Molecular structure of the coatings was investigated by Fourier
transformed infrared spectroscopy (FTIR). FTIR spectra were
acquired in absorbance mode with a FTIR-8400S (Shimadzu Corp,
Kyoto, Japan) which has operating range of 7800-350 cm™", spec-
tral resolution of 0.4cm™! and S/N ratio of 20000:1. Uncovered
control SS and covered SS with BGT/PMMA or BGB/PMMA thin
films were immersed into 25 mL of simulated body fluid (SBF)
[50] in polyethylene sterile containers and kept at 37°C in a
MMM Incucell microbiological incubator. After different immer-
sion times their surface was investigated by FTIR. In the same
time, SBF containing the products released of the samples was ana-
lyzed by UV-VIS absorption spectroscopy with a GBC Cintral0e
UV-VIS-NIR spectrophotometer in 190-1200 nm range. All mea-
surements were performed in triplicate, in accordance with the
ISO/FDIS 23317:2007(E) Standard.

The morphological examination was carried out by scanning
electron microscopy (SEM) using a Cambridge Stereoscan S360
electron microscope, operating at 15kV acceleration voltages, in
high vacuum, under secondary electron mode. The samples were
scanned using a Workshop TT atomic force microscope (AFM)
equipped witha 15 wm scanner. All images we recorded ona 15 um
by 15 pm area.

Electrochemical investigations were conducted using Palmsens
potentiostat, controlled by PSTrace software, in a three electrodes

configuration with Ag/AgCl reference electrode and platinum wire
as counter electrode. Corrosion resistance in SBF of samples used
as coatings for implants or prosthesis was assessed using high sen-
sibility electrochemical methods: linear sweep voltammetry (LSV)
and electrochemical impedance spectroscopy (EIS).

2.3. Evaluation of the antibacterial activity

The BGT/PMMA/SS (with turmeric) and BGB/PMMA/SS (with
basil) samples were placed in 24-well polystyrene cell culture
plates and sterilized for 30 min in pure ethanol prior to experi-
ments. The antimicrobial activity of samples was tested according
to Time Kill method by adapting and integrating the protocols
described in ASTM E 2315 (Assessment of Antimicrobial Activ-
ity Using a Time-Kill Procedure) and ISO 22196 (Measurement of
antibacterial activity on plastics and other non-porous surfaces)
standards. Briefly, a small amount of stock bacteria (E. coli J]M109,
ATCC 25922 and S. aureus, ATCC 29213, LTA S.R.L. Milano, Italy)
was transferred from glycerol stock to a sterile Luria broth (LB)
Agar plate (20 g/L of LB base - Invitrogen, Thermo Fisher Scientific,
Monza, Italy - and 15 g/L of Agar (Invitrogen) in distilled water -
dH,0) using a sterile plastic loop and incubated at 37 °C for 20 h.

The day before experimentation, one single colony of bacteria
was picked from the LBA plate and suspended in 5mL of LB in
a sterile 50 mL polypropylene test tube and incubated overnight
(ON) at 37°C under shaking at 140 rpm. The day of the experi-
ment, the inoculum was prepared diluting the bacteria to a starting
ODggo =0.02 in LB and bacteria were let grow until reaching ODggg
~ 0.25-0.35 that corresponds to ~ 1 x 108 CFU/mL. Next, 500 L of
bacteria suspension was diluted 1:50 in sterile dH,O to a final con-
centration ~ 1-2 x 10%/mL and inoculated on the surface of each
sample. Samples were then incubated in the darkness at 37°C in
a humidified incubator for 24 h. After 24 h, an aliquot from each
sample was taken and serially diluted in sterile dH,0. 50 L were
next plated on P60 LB Agar plates by means of the glass beads
method. Colony forming units (CFU) were finally counted after ON
incubation at 37°C.

3. Results and discussion

To simulate prosthesis introduction in human body and to
study the phenomena appearing at the implant-tissue interface
and behavior of implant as result of interaction with physiologi-
cal fluids, the samples of BGT/PMMA/SS and BGB/PMMA/SS were
immersed into 25 mL SBF at 37° C and investigated after 1, 2, 3, 7,
14, 21 days soaking.

3.1. Physical-chemical characterization of deposited thin films

3.1.1. Chemical composition

To get information from samples surface modifications as a
consequence of mutual interaction between samples and SBF, spec-
troscopic (FTIR and GDOES) and microscopic (SEM, AFM) analyses
were conducted both on BGT/PMMA/SS and BGB/PMMA|SS initial
samples and after different immersion time.

FTIR spectrum of as deposited BGT/PMMA/SS (Fig. 1a) reveals
characteristic peaks of BG (966 and 988 cm™!), curcumin (1384,
1440, 1490 and 1730cm™!) and PMMA (1114-1280cm™!). For
turmeric, the strong peak at 1730cm™ was due to C=0 adsorp-
tion, the one at 1384 cm™! to aromatic C-O stretching, while the
1420 cm™! peak was assigned to the characteristic CH3 bending and
1490cm™! one to C=C vibrations [51,52]. The peaks of the PMMA
can be also seen, though it is the under-layer, because BGT top-layer
has anirregular structure. This kind of porous structure is especially
designed for increasing the active surface and proportionally, the
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sample biocompatibility. For implants, the surface’s active mor-
phology must be proper for cells adhesion and bone in-growth;
moreover, the roughness must be suitable for a long term increased
bone-implant interaction. Having control over these parameters
(with mechanical and chemical etching over implant surface and/or
by adding special morphological layers) one can guarantee a grown
in biocompatibility up to 10 times [53,54].

When the samples are soaked into simulated body fluid, mod-
ifications in their FTIR spectra are expected. In the first days, the
peaks associated to BG and curcumin are diminished. It means that
their concentration is decreased because of BG dissolution accom-
panied by turmeric release. This is in complete agreement with our
anterior studies on pure and nanocomposites containing BG, and
also with literature [34-38,55].
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On the second hand, as time of immersion went on, FTIR spectra
exhibit new peaks, at 752 and 842 cm™!, belonging HPO42~, at 1040
and 1062 cm~! belonging PO43~ and at 1630 cm~! belonging CO32%~.
Their presence proves the appearance of the hydroxyapatite (HA
— Ca1g(P0O4)3(C0O3)3(0OH);), the predominant mineral component
of vertebrate bones, on the samples surface. This manifestation is
expected knowing the BG behavior and it demonstrates the ability
of the material to firmly bind to tissue via a bioactive fixation by a
chemical bond at the bone-implant interface.

PMMA peaks decrease after several days of immersion, not
because the self-decomposition, knowing that PMMA is a bioin-
ert polymer, but because of the new HA layer that forms and starts
to cover the entire surface and default PMMA, as demonstrated by
EIS investigation.
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Fig. 2. Time evolution of the chemical elements from sample surface.
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Fig. 2. (Continued)

In case of BGB/PMMA/SS samples, FTIR spectrum (Fig. 1b) of the
initial surface (black) has peaks at 966 and 988 cm~! belonging of
BG, at 1114-1280 cm! that belong to PMMA and at 2946, 2989 and
3336 cm™! belonging to basil. The FTIR spectrum of holy basil exhib-
ited an absorption band at 3400-3620 cm~!, which is attributed to
the phenolic O-H stretching vibration [56]. From the inspection of
the data in Fig. 1, a few observations are in order:

1) PMMA: PMMA content is decreasing from the first to the last
day in all cases.

2) BG: BG signals slightly increase after 3 days of immersion in
SBF in case of BGB/PMMA/SS but decrease for BGT/PMMA/SS
samples. The BG suddenly decreases for BGB after 7 days but also
visibly for BGT/PMMA/SS. The decreasing tendency is continued
with some fluctuation for longer periods, up to 28 days.

3) Ayurvedic extracts: The curcumin concentration is continu-
ously decreasing for BGT/PMMA/SS while basil content slightly
increases after 3 days but faster after 7 days and fluctuating after
this duration.

4) Bioapatite (BHA): A continuous increase is noticed for PO43~
peaks with slightly higher values for BGT/PMMA/SS. We men-
tion that these lines correspond to the growth on films surface of
a BHA layer containing carbonated calcium phosphate, with the
very close composition to the human bone. The same process is
active in both cases: BGis gradually released in SBF where is con-
verted by ion exchange into BHA, which is then redeposited on
samples surface [34-39]. This makes more difficult the observa-
tion of the signals originating from the undisolved components
of the deposited mixture (ayurvedic extracts and PMMA). BG
seems to be better bonded to basil than to curcumin, the most

probably due to chemical reasons. That is why BG is more diffi-
cultly and slowly released from layers containing basil than from
the ones with curcumin.

Fig. 2 shows the distribution of main elements into the depth of

the investigated samples, one makes the following observations:

1. Fe and others metallic atoms: They can be traced deeper than

400-500 nm only. This means that these ions were not allowed
to go to surface, but are efficiently shielded by the PMMA inter-
layer. One can estimate a thickness of ~400 nm for the double
layer deposited onto stainless steel substrates. To our opinion,
this is a convincing proof that the PMMA layer covering SS sub-
strates prohibit the release of metallic ions into body fluids
provoking inflammatory response, or even worse, accumulated
in inner organs (liver, kidneys, spleen) with an increased risk of
health problems [57-59].

. H, G, O, N: They are present in all coatings, both before and after

immersion (Figs. 2c-h). It is difficult to discriminate on their ori-
gin, from either surface (BGB or BGT) or intermediate (PMMA)
layers. After immersion, H, C and O concentration drops and all
peaks are shifted to left because the coating thickness decreases.
One can suggest these changes are related to BG and probably
small amount of turmeric and basil release and gradual interac-
tion with SBF ions.

. Ca and Pa atoms: The concentration of Ca (Fig. 2g, h, j)

and P (Fig. 2i) on the surface significantly decreases in the
first days of immersion due to BG dissolution One notices a
small fluctuation in case of BGB after 7 days of immersion.
Then, the concentration of the two elements increases, with
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some differences for BGB and BGT, while its maximum moves thickness of the BHA layer containing the two elements rapidly
deeper (~150nm). This, the most probably means that the grows, and the samples get covered by a coating very similar to
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Fig. 3. SEM images of BGT/PMMA/SS (a) and BGB/PMMA/SS (b) surface before and after 3 and 14 days of immersion in SBF, 5000 x.
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Fig. 4. AFM images of BGT/PMMA/SS and BGB/PMMA/SS samples before (a and c) and after 14 days of immersion in SBF (b and d).
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Table 1
Roughness parameters for BGT/PMMA/SS and BGB/PMMA/SS samples before and
after 14 days of immersion in SBF.

Sample Time Rrms (um) Ra (m)
BGT/PMMA/SS Initial 0.263 0.206
BGT/PMMA/SS After 14 days 0.321 0.254
BGB/PMMA/SS Initial 0.444 0.356
BGB/PMMA/SS After 14 days 0.395 0.315

bone tissue having a thickness of (250-350) nm. This observation
is congruent with FTIR study results (Fig. 1).

From Figs. 1 and 2 one may conclude that the synthesis of BHA
is efficient for both combinations (BGB and BGT), while PMMA is
strongly bonded and efficiently isolates the SS substrate, with pre-
dictable advantages for the development of a new generation of
implants [60].

3.1.2. Surface morphology

The surface morphology of the BGT/PMMA/SS and
BGB/PMMA/SS coatings before and at 3 or 14 days after immer-
sion in SBF is illustrated in Fig. 3. Initial films consist of a dense
and homogenous matrix with a lot of irregularities and pores
which favors a good bone cells adherence, more accentuated for
BGT/PMMA/SS. The film surface morphology is changing with
soaking time in SBF. At 3 days, surfaces irregularities become more
pronounced because of BG dissolution and release of ayurvedic
drugs, in good accordance with FTIR and GDOES analyses. In the
14th day, the presence of BHA can be noticed, as uniform layer in
case of BGT/PMMA/SS or as arbitrary scattered cubic particulates
in micrometric range for BGB/PMMA/SS.

AFM study revealed an increase of BGT/PMMA/SS surface rough-
ness after 14 days of immersion in SBF (compare Fig. 4a and b),
and the relative roughness stability for BGB/PMMA/SS samples (see
Fig. 4c) after the same time interval. The corresponding values
(Rrms and Ra) are collected in Table 1.

3.2. Drug release evaluation

Another way to evaluate the release of the drugs is the UV-VIS
spectroscopy of the SBF in which samples are submerged. The fol-
lowing protocol was applied: 2 mL of SBF was analyzed at every 2 h
in the first two days, then once a day at the same hour in first week
and next, once a week. The obtained spectra are shown in Fig. 5
where a prolonged release of the drug is evident. This can con-
tribute to the inhibition of the bacterial attachment to the implant
surface and prevention of the biofilm formation of which stays at
the origin of microbial infection. The drug release several days after
implantation can act upon the inflammatory reaction induced by
crystallites which can be spread in surrounding tissue as a fric-
tion effect [61,62]. Inhibiting bacterial adhesion is a critical step
toward preventing implant-associated infection, because bio-films
are extremely resistant to both antibiotics and the immune system
[63,64].

Fig. 5a shows us that turmeric release is maxim at 8 h after
immersion, and then it is almost constant, while Fig. 5b evidences
that for holy basil the maximum is reached after 23 days. At 30 days
after immersion, releasing of the medicine still take place in both
cases, with a consistent concentration comparable with the one of
the first day.

3.3. Electrochemical study

LSV provides information on the influence of physiological fluids
on SS bare substrates and both BGT/PMMA/SS and BGB/PMMA/SS,
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Fig. 5. Drug release from BGT/PMMA/SS (a) and BGB/PMMA/SS samples (b).

and also on corrosion mechanisms and rates. There is a linear rela-
tionship between the metal dissolution or corrosion rates, and the
corrosion current (icorr), and LSV can determine these important
parameters. The measurements were performed in triplicate for
each sample type, between -1.50 and -0.25V, with a 0.1V/s scan
rate. The working electrodes have a square shape and 1 cm? active
surface area. The mean values of corrosion parameters (corrosion
potential (Ecorr) and corrosion current (icorr)) were inferred.

BGB/PMMA/SS exhibits the best corrosion parameters (Table 2),
the largest corrosion potential and the smallest corrosion current,
which means these samples have a very good corrosion resis-
tance. Conversely, stainless steel control undergoes a significant
degradation process that worsens with time of immersion. Both
BGT/PMMA/SS and BGB/PMMA/SS prove a good protection against
corrosion in unfriendly environment, like physiological fluids. Cor-
rosion currents and consequently the corrosion rates are very small
due to inner layer of PMMA and to new apatite one that is formed
through exchange of bioactive glass ions with SBF-ions during
immersion.

In the same time, the processes which take place at film-
electrolyte interface were characterized by EIS. A 0.01 V amplitude
sinusoidal voltage perturbations was applied, scanned from 10000
to 0.1Hz with 10 points per frequency decade and an auto-
integration time 5 s, while the samples were immersed in SBF used
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Table 2
Corrosion parameters of the samples and SS control.

Time of immersion in SBF Corrosion potential Ecorr (MV)

Corrosion current icorr (LA/cm?)

SS BGT/PMMA/SS BGB/PMMA/SS SS BGT/PMMA/SS BGB/PMMA/SS
0 days -849 -849 -549 8.11 2.14 0.89
1 day -798 -948 -688 7.02 3.29 1.43
3 days -848 -1048 -748 7.45 3.78 1.87
7 days -848 -898 =721 8.84 1.65 2.04
14 days -898 -824 -1004 6.48 1.23 3.45
21 days -948 -703 -989 9.56 1.07 297
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Fig. 6. Nyquist plots for BGT/PMMA/SS (a) and BGB/PMMA/SS (b).
Table 3

Antibacterial activity of BGT/PMMA/SS and BGB/PMMA/SS against S. aureus and E. coli.

Bacteria (CTRL) Studied samples

Bacteria vs CTRL (% mean = st. dev.)

Antibacterial efficiency (% vs CTRL)

S. aureus BGT/PMMA/SS 53+3.7
BGB/PMMA/SS 9.7+89

E. coli BGT/PMMA/SS 442 + 46
BGB/PMMA/SS 495+ 44

94.7
90.3
55.8
50.5

as electrolyte. Initial spectrum of BGT/PMMA/SS (Fig. 6a black)
reveals two time constants and the maximum phase angles of 51°
and 25° suggest that two processes take place simultaneously at
sample-electrolyte interface: the BG dissolution in SBF and the
adsorption of some electrolyte ions on surface, such as P, O, Ca.
The same behavior is evident after 1 day of immersion in SBF,
but the circle radius at high frequency is increasing, which means
an amplification of polarization resistance of the superficial layer.
These processes are ongoing after 3 days of immersion. After 7 days
of immersion or more, single time constant process takes place
due to complete dissolution of glass and suggests the capacitive
behavior of PMMA layer. All the resistances are high, more than
40 k<2, because of the presence of polymeric protective layer. It acts
not only by isolating the metal from corrosive liquid, but also by
introducing a very high electrical resistance between anodic and
cathodic centers on the metal surface that are really isolated from
each other. Accordingly, the corrosion current density is negligible.
The radius of Nyquist circle increases in next days of immersion due
to HA layer formed on the sample surface. The electrical resistance
is larger, this layer being also an electrical insulator.

The same observations are valid for BGB/PMMA/SS electrochem-
ical analyses, the sole difference being in timing. An important
degradation of surface is visible in the 14th days after samples
immersion into SBF, because of rapid release of holy basil around
this day.

3.4. Biological assays

The antibacterial activity of BGT/PMMA/SS and BGB/PMMA/SS
was evaluated over 24 h after incubation with S. aureus and E. coli.
The antimicrobial activity of both samples was roughly the same,
although much higher against Gram positive (S. aureus) than Gram
negative (E. coli) bacteria. BGT/PMMA/SS and BGB/PMMA/SS dis-
played an antibacterial efficiency higher than 90% against S. aureus
and higher than 50% against E. coli, as presented in Table 3. It is also
worthy to note that BGT/PMMA/SS displayed a generally higher
antibacterial activity as compared to BGB/PMMA/SS.

4. Conclusions

This study explored an innovative concept for thin films for
implant covering with multiple advantages, based upon double
layers of bioactive glass and antimicrobial plants extract/polymer
deposited by matrix-assisted pulsed laser evaporation onto stain-
less steel substrate (implant like). One observes the bioactive
glass dissolution resulting in the growth of a bioapatite layer
(FTIR, GDOES and EIS analyses) on top of the polymeric interlayer
with anticorrosive protection of the metallic substrate (LSV and
GDOES investigations). SEM and AFM analyses evidenced a rogh
morphology, proper for good cells adhesion, The most important
achievement of our new concept is the antimicrobial effect due to
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the inclusion of natural plant extract from ayurvedic medicine, with
prolonged release and without adverse effects (UV-VIS, biological
assay).

Even the behavior of BGB/PMMA/SS and BGT/PMMA/SS sam-
ples is different, both of them can be useful in implantology: if one
needs a fast release of the drug, BGT/PMMA/SS coating of implant is
recommended, when the dissolution of the bioactive glass is simul-
taneous with turmericrelease, and if a slow release of the drug is the
option, BGB/PMMA/SS coating of implant is recommended, when
drug release is subsequent to bioglass dissolution.

One may conclude that the synthesized layers are multi-
functional with a demonstrated bioactive action, antimicrobial
effect and strongly shield against metal ions release from the stain-
less steel substrates to the body fluids.
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Abstract-The photovoltaic cell parameters are very important
for researchers and manufacturers to improve the efficiency of
these devices. There are many studies for these parameters in
sunlight at one sun or at some suns, but few studies at hundreds
or thousands suns. In this paper is presented the study of all
important parameters of three types of photovoltaic cells under
concentrated sunlight.

L INTRODUCTION

Nowadays there are many types of photovoltaic cells,
which appeared due to the need to increase the efficiency of
photovoltaic cells, to reduce the quantity of materials used
and the cost per Watt and to increase the number of
applications.

The theoretical efficiency of monocrystalline silicon
photovoltaic cell, one of the most used photovoltaic cell, is
about 31% [1,2]. The best monocrystalline photovoltaic cell
has the efficiency of 25% measured in standard test
conditions, STC - under the global AM 1.5 spectrum, the
irradiance 1000W/m? and the temperature 25 °C, see Table I
[3]. This value is very close to the theoretical limit.

A relative new method to increase the efficiency of
photovoltaic cell is to use it in concentrated sunlight, the
efficiency rising with some percentages in this case, see Table
11 [3].

Using the concentrated sunlight leads to the reduction of
the area of photovoltaic cell and of the materials quantity.

TABLE I
EFFICIENCY OF THE BEST PHOTOVOLTAIC CELL IN ITS GROUP MEASURED IN
STC
. Area Efficiency
Photovoltaic cell [sz] [%] Test center

Si monocrystalline 4 25 Sandia
GaAs thin-film ~1 28.8 NREL
~ NREL,

CIGS, CdTe ~] 19.6 Newport

Si nanocrystalline =1 10.7 FhG-ISE
Dye sensitised =1 11.9 AIST
Organic thin-film =1 10.7 AIST

InGaP/GaAs/InGaAs -

Multijunction cell =l 379 AIST

978-1-4799-5183-3/14/$31.00 ©2014 IEEE

TABLE II
EFFICIENCY OF THE PHOTOVOLTAIC CELL MEASURED IN CONCENTRATED
LIGHT

. Area Efficiency Illumination Test

Photovoltaic cell [em’] (%] [suns] center
Si monocrystalline 1 27.6 92 FhG-ISE
GaAs thin-film 0.05 29.1 117 FhG-ISE

InGaP/GaAs/InGa
As Multijunction 0.162 444 302 FhG-ISE
cell

The cost of photovoltaic cell is reduced proportionally with
the concentrated ration at a first approximation [4].

The materials and the technologies used to obtain the
concentrated sunlight are less expensive than those for
photovoltaic cells.

The efficiency was studied for few types of photovoltaic
cells in concentrated sunlight, see Table II [3].

The organic photovoltaic cells have recently been studied
in concentrated sunlight, especially in order to investigate
their stability and degradation [5].

The short circuit current I, the open circuit voltage V.,
the fill factor FF and the efficiency n are the photovoltaic
cells parameters most widely studied in the concentrated
sunlight [4,6,7]. In the studies conducted by Kurtz and Geisz,
Slade and Garboushian, Jergensen et al., it was observed that
the short circuit current has a linear dependency in function of
the irradiance levels and the open circuit voltage has a
logarithmic dependency.

Using the linear dependency of the short circuit current in
function of the irradiance makes the photovoltaic cell a good
sensor for the intensity of sunlight even in concentrated
sunlight.

Taking into account both dependences, the efficiency
increases logarithmically with the irradiance levels until the
term [*R; becomes dominant and then slowly decreases.

The goal of this paper is to study the behavior of the other
important parameters of the photovoltaic cells: the series
resistance Rg, the shunt resistance Ry, the ideality factor of
diode m, the reverse saturation current I, and the
photogenerated current I, in function of different
concentrated sunlight levels.
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Fig. 1. The land of heliostats at Weizmann Institute of Science Rehovot,
Israel.

1L EXPERIMENT SET-UP

The study of the photovoltaic parameters was done in
concentrated sunlight at the Solar Research Facility Unit of the
Weizmann Institute of Science, Rehovot, Israel, Fig.1.

The experimental system has the following components: solar
concentrator system, the robot system, the acquisition system and
the I-V characteristic device, Fig. 2, which will be briefly described
below.

1. Solar concentrator system
There are many possibilities to produce concentrated
sunlight; one of these is to use a system of heliostats, as in
Fig. 1.
The solar concentrators can be classified in three classes:
» low concentrator (LCPV) — the concentrated
sunlight is between 1 and 40 suns.
» medium  concentrator (MCPV) —  the
concentrated sunlight is between 40 and 300
suns.

i

Fig. 2. The experimental set-up.

» high concentrator (HCPV) — the concentrated
sunlight is between 300 and 2000 suns [7,8].

The measurements were taken using the MCPV solar
concentrators.

A heliostat with an area of 56 m” was used to make the
measurements. The photovoltaic cells under test were
mounted initially in the outbreak of a second mirror. This
mirror is spherical and has an area of 2 m’.

The variation of the intensity illumination levels can be
made by moving the photovoltaic cell on the optical axis of
the spherical mirror.

2. Robotic system

During the measurements the temperature of the
photovoltaic cells can be increased above 1000°C due to the
concentrated sunlight. At these temperatures the photovoltaic
cells and the measuring system can be damaged very quickly.

The robotic and acquisition systems are protected using a
piece of alumina. The time when the heliostat is in active
position has to be minimized and after measurements the
heliostat must quickly be moved in passive position.

The arm of the robotic system assures the protection of the
photovoltaic cell under test and of the temperature sensor.

The control of the robotic system is realized with an
ATMEGA microcontroller and a National instruments
acquisition board.

The arm of robotic system is endowed with an alumina
piece to cover the photovoltaic cell. This arm is in closed
position until the heliostat arrives in active position, then it
passes in open position and gives the triggers for the
measurements. After the measurements are taken, the arm of
the robotic system passes in closed position to protect the
photovoltaic cell.

The robotic system has a display where the status can be
seen, the temperature and the alarm, see Fig.3. This system
can work in automated mode or in manual mode. One simple
switch assures this.

Fig. 3. The robotic system.
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3. The acquisition system and the I-V characteristic
device

The measurements have to be taken very quickly in order
not to damage the photovoltaic cell and to keep the
temperature quasi constant.

The acquisition system uses a NI 6009 board. This board
has 8 analog input (Al) channels in the configuration Single-
Ended Channels. The channels with a sampling rate of 48kS/s
and 14 bits resolution are used in the differential
measurement mode to increase the accuracy of the
measurements. The connection of the board to a laptop is
realized by a USB connection.

The current-voltage characteristic of photovoltaic cells can
be measured using some techniques [12]:

»  the electronic load technique
» the MOSFET technique

» the potentiometer technique
» the capacitor technique

The capacitor technique was chosen due to the fact that the
I-V characteristic is measured very quickly. The time
required to do this is less than one second. In this case the
photovoltaic cell temperature remains almost constant also
due to a cell cooling system during measurements. The
number of the I-V characteristic points is very high, over
1000. The high number of data enables a good processing
after the measurements, thus any method of determining of
the photovoltaic parameters can be used.

The design of the electrical circuit allows the selection of
the internal capacitor with 0.4F capacitance or of the external
capacitor with 2200 pF capacitance in function of the
photovoltaic cell generated power. The capacitors used have a
very small internal resistance.

4. Software

The software was created in the graphical programming
language LabVIEW.

The software allows the control of the robotic system, of
the acquisition board and of the electronic circuit to
automatically measure the I-V characteristic, see Fig. 4.

The software has three steps:

Fig. 3. The panel interface of the software.

» the initializing of the system (INT)- in this step
the robotic system and the acquisition system are
initialized and verified

» the I-V measurement (I-V Measure) — in this step
the I-V characteristic of photovoltaic cell is
measured. Using the control “Measuring time”
the measurement time of the I-V characteristic
can be set in function of the photovoltaic cell and
the capacitor used. The amplification for the
voltage and current can be set in this step.

» stop the measurement (Close) — is used to stop
the measurement, but the system remains
initialized. In this step the data is saved.

The graphical indicators “Voltage” and “Current” show the
voltage and current during the capacitor charge. The “Serial
Temp. value” indicator shows the temperature of the
photovoltaic cell during measurements. The temperature is
measured using a thermocouple mounted on the back of the
photovoltaic cell.

I1I. RESULTS AND DISCUSSIONS

1. Methods

There are many methods to determine the important
parameters of photovoltaic cells. These methods can be
classified in two categories: the methods which determine all
parameters of photovoltaic cells and methods which
determine one or more parameters of solar cells.

The parameters in this work were determined using the
measured [-V characteristic and the analytical five point
method [10,11]. This method allows determining all
important parameters of photovoltaic cell using the one diode
model (1) and one of the I-V characteristic for each level of
illumination.

I=1_-1I, eXp[Mj_l VAR,
mkT "

where k is the Boltzmann constant and q is the elementary
electric charge.

The following parameters can be determined using the I-V
characteristic: the short circuit current, the open circuit
voltage, the maximum power and the coordinates of this point
the maximum voltage V,, and the maximum current I,

The shunt resistance and the uncorrected series resistance
are the first parameters which can be obtained using the linear
fitting procedure around the short circuit point and the open
circuit point, see (2) and (3).

dv
R =R =2 2
sh sho (d] j]_]m ( )
dv
R,=—— 3)
dl ),y

oc
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The corrected series resistance R, the ideality factor of
diode m, the reverse saturation current I, and the
photogenerated current I, are determined  using the
parameters calculated above and some approximations for the
equation (1) [10].

m __ 4 (4)
V(B+C)

where V, is the thermal voltage, A, B and C are calculated as
follows:

= (5)
q
A = VITL + Rsolm - VOC (6)
B=In ISC—Q—Im —In ISC—V"" (7)
Rsh Rsh

C= —]'”V (®)

]?C __oc

A Rsh

The other parameters /, R and I, are determined using the
following equations:

1,= ISC_Q CXp ~ Lo )
R, mV;

R =R, - nv, exp _Hee (10)
1, mV;

1,=1, ]+RS +1,| exp LR -1 @an
‘ R, mV;

2. The photovoltaic cells
The photovoltaic cells under test are the following:

» the commercial monocrystalline silicon photovoltaic
cell (me-ST) with an area of 0.5cm’

» the commercial polycrystalline silicon photovoltaic cell
(pc-SI) with an area of 0.5cm’

»  the thin films CdTe photovoltaic cell developed in the
lab with an area of 0.5¢cn?’.

3. The variation of the photovoltaic cell parameters in
function of the illumination levels

The parameters of photovoltaic cells were determined at different
levels of illumination, at 1000W/m’ that means one sun, 50 suns,

1sun M

50 suns M

100 suns J

I-V characteristic 150 suns J
345-
3.25-
3-
275-
25-
225-
@ &
[ 5=
& 13-
125-
1-
0,75-
05-
0.25-

0-, 1 1 1 1 1 1 1
0 01 0.2 03 04 0.5 06 07
Voltage [V]

Fig. 4. The I-V characteristics for mc-Si. The current of the characteristic for
one sun is multiplied ten times.

100 suns and 150 suns at 25°C temperature. The I-V characteristics
for the monocrystalline silicon photovoltaic cell are presented in
Fig. 4.

The software called SolarLab was used to calculate the
parameters of photovoltaic cells. This soft allows importing the
saved data and then using (2-11) to determine the parameters of the
photovoltaic cells.

The values of the parameters of the three photovoltaic cells
calculated for four levels of illuminations are presented in
Table III.

The dependency obtained for the photogenerated current of
the photovoltaic cells in function of the concentrated sunlight
is presented in Fig. 5. It can be observed that the linearity of

mc-51 M

pc-5I M

CdTe
345-
3.25-
-
2,15-
25-
225-
g >
[ 17E=
& 5=
1,25-
1-
0,75-
05-
0,25-

0 20 40 60 80 100 120 140 160 180

Irradiance [suns]

Fig. 5. The linearity of the photogenerated current
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the dependency is verified for all three photovoltaic cells
under test.

The series resistance decreases when the intensity of
sunlight increases. This happens due to the increase of the
active layer conductivity when the irradiance grows [13,14].
The dependency of the series resistance on the concentrated
sunlight is presented in Fig. 6. The decrease of the series
resistance is more accentuated for the CdTe cell.

The values of the ideality factor of diode and the reverse
saturation current depend on the recombination mechanisms.

For low sunlight intensity the space recombination is
important and at high sunlight intensity the space
recombination decreases, leading to drop of the values of m
and I, with the increase of the illumination.

By the analysis of the data obtained, it is observed that the
shunt resistance has a more significant growth for Isun- 50
suns, afterward the growth being saturated.

1Vv. CONCLUSIONS

Three types of photovoltaic cells were characterized under
medium concentrated sunlight: mono and polycrystalline
silicon and CdTe.

All important parameters of the photovoltaic cells were
determined and analyzed.

TABLE III
THE PHOTOVOLTAIC CELL PARAMETERS

Photovoltaic
cell
Irradiance mc-Si pe-Si CdTe
Parameters

In [A] 0.0221 0.0191 | 0.0109
I, [A] 1.003E-8 | 1.68E-8 | 4.2E-7
R, [Q] 10° W/m? 0.067 0.0811 0.313
Ra[Q] 627 691 342

m 1.51 1.56 2.98
Ion [A] 1.102 0.954 0.541
I, [A] 8.78E-9 | 1.01E-8 | 1.35E-7
R.[Q] 5x107 0.017 0.029 0.1

s W/m? : : :
Ra[Q] 687 769 394

m 1315 131 2.19
Lon [A] 2.198 1.907 1.032
I, [A] 3.58E-9 | 3.57E-9 | 4.06E-8
R, [Q] 10° W/m? 0.011 0.014 0.045
Ra[Q] 722 795 432

m 1.26 123 1.97
Ion [A] 3.269 2.86 1.589
I, [A] 2.88E-8 | 2.56E-9 | 2.6E-8
R, [Q] 15x10° 0.007 0.0103 | 0.0297

s W/m? . . .
Ra[Q] 741 811 448

m 1.24 12 1.89

mc-51 M
pesl M
CdTe

Series Resistance [ohm]

0-, [ | ! [ | ! 1 1 |
0 20 40 60 80 100 120 140 160 180

Irradiance [suns]

Fig. 6. The dependence of series resistance vs. irradiance

The measurement system and the necessary software to
determine the parameters of photovoltaic cells were realized.

Three parameters of photovoltaic cells, I,, Ry and m
decrease with the illumination. The dependency of the shunt
resistance has two parts: there is a growth in the first part, and
then, in the second part, the growth is saturated.

The short circuit and the photogenerated currents present a
growth which is proportional with the illumination, while the
open circuit voltage has a logarithmic dependence.

In the future research works the Emcore multijunction
photovoltaic cell- InGaP/InGaAs/Ge will be characterized in
the same conditions.
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Abstract

Ochratoxin A (OTA)—a toxin produced by Aspergillus carbonarius, Aspergillus ochraceus,
and Penicillium verrucosum—is one of the most-abundant food-contaminating mycotoxins. To
avoid the risk of OTA consumption for humans and animals, the rapid detection and quantita-
tion of OTA level in different commodities are of greatimportance. In this work, an impedimetric
immunosensor for ochratoxin A (OTA) detection, a common toxic botanical contaminant, was
developed via the immobilization of anti-OTA antibody on bovine serum albumin modified gold
electrodes. A four-step reaction protocol was tested to modify the gold electrode and obtain
the sensing substrate. All the steps of the immunosensor elaboration and also the immuno-
chemical reaction between surface-bound antibody and ochratoxin A were analyzed using
cyclic voltammetry and electrochemical impedance spectroscopy. Modification of the imped-
ance due to the specific antigen-antibody reaction at immunosensor surface, was used in
order to detect ochratoxin A. Linear proportionality of the charge transfer resistance to the con-
centration of OTA allows ochratoxin A detection in the range of 2.5-100 ng/mL.

Introduction

Ochratoxin A (OTA) is a mycotoxin produced by Aspergillus ochraceus, Aspergilius niger and
Penicillium verrucosum, found as contaminants of a variety of food, such as cereals, coffee
beans, beans, grapes and dried fruit. OTA is one of the most toxic and widespread compound
from the ochratoxins group [1,2].

Studies have shown that OTA can have specific toxicological effects such as nephrotoxic, tera-
togenic, neurotoxic, hepatotoxic and immunotoxic, and it is believed to cause increased oxidative
stress at a cellular level [3,4]. The concerns about OTA contamination determined different
research groups to develop high-performance detection techniques for quality assessment.
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Fourty years ago, OTA was identified as a corn contaminant in USA, being produced by
Penicillium viridicatum wrestling. Ever since, OTA has been found through the whole world:
in regions with cold and temperate climate it is produced by Penicillium verrucosum and by
Aspergillus carbonarius and also in regions with hot and tropical climate, where it is produced
by Aspergillus ochraceus. Penicillium verrucosum is the specific fungi of stocked cereals, while
Aspergillus ochraceus is the most common champignon of the green coffee, spices, cocoa, soya,
peanuts, rice and Aspergillus carbonarius is contaminant of grapes [5]. Even though crop fungi
contamination can take place pre and post-harvest, OTA synthesis is believed to be performed
during the storage period. The mechanism of the OTA biosynthesis by different fungi and the
coding genes are not well known. It is clear that OTA production depends on the toxicogenic
power of the strains but also on the common practices during the food processing. For exam-
ple, prevention of OTA production in the cereals is achieved by controlling the humidity con-
ditions during the filling of the grain elevator and during storage, knowing that a water activity
higher than 0.8 (aw) is favorable to the development of Penicillium verrucosum. OTA contami-
nation of grapes in the wine yards is explained only by the fruit damages made by insects or by
the harvest devices, because, by default, Aspergillus strains are not pathogenic for the wine yard
itself.

Analytical methods for OTA quantification follow the same steps as the ones for the quanti-
fication of mycotoxins: sampling and sample preparation, extraction, purification (clean-up),
separation and detection. European Commission regulation No. 401/2006 from 23 February
2006 lays down the methods of sampling and analysis used for the official control of the
amount of mycotoxins in foodstuffs. The separation methods are coupled with the detection
technique that is sensitive enough to fulfill the legally imposed limits, but they require sample
extraction and clean-up and they are rather expensive and demand specially trained personnel.
Specific clean-up methods includes immunoaffinity columns [6,7]. After this step, HPLC was
recommended in order to detect the occurence of ochratoxin in food commodities: coffee, pep-
per, chili, prickly ash, cinnamon, aniseed, fennel, curry powder and cumin [7-9].

Chemical and enzymatic assays were used with success in small-molecule detection [10],
but nowadays the immunoassays are considered novel screening methods which provide sensi-
tive detection and can be used by non-specialists under field conditions. Although there is a
great emphasis on their selectivity, the main drawback is still their cross-reactivity. Scientific
literature indicated that false-negative results are rarely reported, but false-positive results are
more frequent and depend on several factors like temperature, pH, sample viscosity or ionic
strength [11]. Without sample clean-up or extraction before the testing, matrix effects might be
expected leading to significant overestimation of mycotoxin concentration, especially in colori-
metric detection when color samples are tested. Therefore, positive results should be confirmed
with the conventional analytical methods to avoid misinterpretations.

Electrochemical sensors and biosensors are an alternative solution due to their design and
method of detection. For example, OTA was detected using square wave voltammetry at a
glassy carbon electrode (GeE) [12]. Limit of detection of this assay was of 0.02 pug/kg and the
sensor was used for the detection of OTA extracted from wine sample using antibody modified
magnetic nanoparticles.

A biosensor for the detection of OTA was designed via the immobilization of HRP on screen
printed carbon electrode (SPCE) using a polypyrrole matrix [13].

Immunosensors have also been developed for effective and fast screening of OTA in food-
stuffs. These are based on a variety of detection techniques such as electrochemical [14,15],
optical (e.g surface plasmon resonance [16], optical waveguide light-mode spectroscopy tech-
nique [17], fluorescence [18,19] etc) and acoustic methods (quartz crystal microbalance immu-
nosensors [20]).
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Kinetics and mechanisms of electron-transfer processes that correspond to the biocatalytic

reaction occurring at modified electrodes and also interfacial properties changes of modified

electrodes [21,22], such as those linked to biorecognition events involving antibody-antigen
binding, at modified surfaces [23] can be analyzed with the powerful tool of electrochemical
impedance spectroscopy (EIS).

sibility of low cost, low endogenous background, compatibility with portability and

miniaturization.

Electrochemical detection systems seem most promising thanks to their high sensitivity, fea-

Several reviews have been published on the use of EIS in biosensors [24,25]. Using EIS

method, there were monitored the changes in the electrical properties at the (bio)sensors inter-
face.These changes can be associated with specific binding events due to the recognition
between an analyte and a ligand. Antibodies and more recently, aptamers [26,27], have been
used as biorecognition elements in biosensors with EIS detection. Literature data indicated EIS
methods for ochratoxin detection from different matrices (Table 1).

In this work, an impedimetric immunosensor for the detection of ochratoxin A was developed

via the immobilization of the anti-OTA antibody gold electrodes previously modified with a
cross-linked film of bovine serum albumin. A four-step reaction protocol was tested in order to
modify the gold electrode and obtain the sensing substrate. All the steps of the immunosensor
elaboration and also immunochemical reaction between surface-bound antibody and ochratoxin

A were analyzed using cyclic voltammetry and electrochemical impedance spectroscopy. Modifi-

cation of the impedance appeared at immunosensor surface due to the specific antigen-antibody
reaction was used in order to detect ochratoxin A. Specifically, the increase of the electron-transfer
resistance (R.) at the interface was correlated with OTA concentration in the range of interest.

Materials and Methods
Materials and reagents

Gold printed electrode DRP-250AT was purchased from DS Dropsens (Spain). The electrodes
(SPCEs) incorporate a conventional three-electrode configuration, which comprises a disk-

Table 1. Sensors used for ochratoxin A detection.

Type of biosensor Methods used to characterize the Linear range Detection limit (and other Refe-
electrodes parameters) rences
Highly sensitive and reusable electrochemical CV,EIS 1.25 ng/L—500 0.25 ng/L [28]
impedimetric aptasensor ng/L
Direct competitive immunosensor the substrate the p-benzoquinone in wines was of 0.11 + 0.01 [29]
generated enzymatically was ng/L
detected by differential-pulse
voltammetry
A Langmuir-Blodgett (polyaniline (PANI)-stearic SEM, FTIR, CV, EIS, contact angle 0.1 ng/mL-10 ng/ 0.1 ng/mlin 15 min can be [30]
acid (SA)) film based highly sensitive and robust | measurements mL, and 1 pg/mL- reused ~ 13 times
impedimetric aptasensor 25 pg/mL
A self-assembled monolayer (SAM) of 11-amino- | SEM, CV, DPV, EIS over 0.5-6.0 ng/dL | 0.08 ng/dL using 3ob/m [31]
1-undecanethiol (AUT) has been fabricated onto a criteria, response time of 30 s,
gold (Au) substrate to co-immobilize anti- regression coefficient of 0.999
ochratoxin-A antibodies (AO-IgGs) and bovine
serum albumin (BSA)
Nanostructured zinc oxide (Nano-ZnO) film has XRD, FTIR, SEM, EIS 0.006-0.01nM/dm® | 0.006 nM/dm?, response time [32]
been deposited onto indium-tin-oxide (ITO) glass as 25s, regression coefficient
plate for co-immobilization of rabbit- of 0.997
immunoglobulin antibodies (r-IgGs) and bovine
serum albumin (BSA)
doi:10.1371/journal.pone.0160021.t001
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shaped Au working electrode (1.6 mm diameter, 0.0196 cm?® geometrical area), Au counter
electrode and silver pseudo-reference electrode.

N-Hydroxysuccinimide (NHS—PubChem CID: 80170), N-(3-dimethylaminopropyl)-N’-
ethylcarbodiimide (EDC—PubChem CID: 15908), potassium ferrocyanide (K Fe(CN)s—Pub-
Chem CID: 71309461), potassium ferricyanide (K;Fe(CN)s—PubChem CID: 26250), Ochratoxin
A (PubChem CID: 442530) were purchased from Sigma-Aldrich, St. Louis (USA). Bovine serum
albumin (BSA) Crystalized 100% was purchased from Mann Research Laboratories Division of
Becton Dickinson & Co NY (USA) and monoclonal antibody anti-Ochratoxin A from Novus
Biologicals (Canada). Acetic acid (PubChem CID: 176), sodium acetate trihydrate (PubChem
CID: 23665404), acetonitrile (PubChem CID: 6342), sulphuric acid (PubChem CID: 1118) and
ethanolamine (PubChem CID: 700) were purchased from Chemical Company, Iasi (Romania).

Buffers and solutions

Acetate buffer pH 5.6, comprising of 0.1 M acetic acid and 0.1 M sodium acetate was prepared
using distilled deionized water. BSA 5 mg/mL in acetate buffer and antibody solution 5 ug/mL
in acetate buffer were prepared.

A solution containing 0.1 M KCl, 5 mM Kj;[Fe(CN)g] and 5 mM K,[Fe(CN)g] was used in
cyclic voltammetry and electrochemical impedance spectroscopy measurements. Blocking
buffer solution consisted of ethanolamine 0.1 M in water and NHS and EDC solution were also
prepared in deionized water.

OTA 5 mg/mL was diluted in different concentration in acetate buffer.

Apparatus

An Autolab PGSTAT100 Eco Chemie (Netherlands) potentiostat was used to carry out the
impedance spectra at 10 mV sinusoidal ac potential perturbation in the frequency range from
10* to 10! Hz, superimposed on +0.178 V dc potential, that is the potential of the ferrocya-
nide/ferricyanide couple [Fe(CN)6]* />". The spectra were taken in ImM ferrocyanide/ferricy-
anide solution (1:1 mixture) in 0.1M KCl as background electrolyte at room temperature. All
the measurements were performed in a solution of The FRA 4.9 software calculates and records
the real and imaginary parts of electrochemical impedance (Z’ and Z”) together with the phase
and represents them in Nyquist and Bode diagrams.

EIS using the classic ferricyanide/ferrocyanide redox probe was frequently used for quanti-
tation of various molecules with biosensors, including with real samples. A few recent examples
for ochratoxin A were included in Table 1. The ionic strength of the solution was always the
same and controlled by the composition of the electrolyte. All measurements were done in 5
mM potassium ferri/ferrocyanide in 0.1M KCI, before and after incubation with the standard
or sample solution, as indicated in Experimental-Solutions and Buffers section.

Based upon the principles of electrochemical spectroscopy, the equivalent electric circuit
that best fits the experimental data was found and optimum electrical parameters were
obtained: electrical resistance of the solution, charge transfer resistance, constant phase ele-
ment and Warburg impedance. For each modified electrode, the impedance spectra were
recorded before and after incubation with the standard or sample solution. The variation in the
R, following incubation with standard/sample was calculated as AR = R(after)-R.(before)
and was correlated with the concentration of aflatoxin in the sample.

Electrode modification and immobilization of the antibodies

Before modification, Dropsens gold electrode have been subjected to electrochemical pretreat-
ment by applying 10 potential cycles between -0.3 and +1.5 V / pseudo silver reference
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electrode with 100 mV/s scan rate in 0.5 M H,SO, solution until the voltammogram character-
istic for a clean Au surface was obtained.

The clean gold electrode was first modified using BSA/EDC/NHS, creating a cross-linked
film that prevents the non-specific binding of OTA on gold, and allows further covalent attach-
ment of antibody. Electrode modification was performed as described by Polonschii et al. [33],
5 mg/ mL BSA (50 uL), 20 uL of 0.4M EDC and 20 uL of 0.1 M NHS were mixed and allowed
to stand 5 minutes at room temperature. Afterwards, 10 pL of this mixture were evenly spread
on the working electrode and allowed to stand at room temperature for 30 minutes in a humid
atmosphere. The electrode was rinsed with a lot of water and dried in air.

Next, the terminal carboxylic groups on BSA film were activated by dropping 10 pL of a 1:1 mix-
ture of EDC/NHS onto the sensor surface, allowing the reaction to proceed, allowing it to react for
40 min at room temperature in a humid dark room. The electrode surface was rinsed after each
step thoroughly with copious amounts of water for removing the unbound material. After this, the
antibody anti-OTA immobilization was done by covering the modified electrode surface with a
10 pL droplet of the 5 pug/mL antibody solution in acetate buffer, allowing it to react in a water-satu-
rated atmosphere for 1 h at room temperature. After incubation the electrode was rinsed in water to
remove unbound antibodies and 75 pL ethanolamine 1M solution was drop cast onto the modified
surface and incubated 15 min with the aim to deactivate the remaining succinimide groups and also
to block unreacted active sites. These modified electrodes can then be stored dry several days at 4°C
without a decrease in the sensitivity, or they can be subjected to immunochemical reaction.

A schematic representation of the analytical principle of this electrochemical immunoassay
is shown in Fig 1.

For the OTA measurement, 10 uL of either sample or OTA standard solutions of different
concentrations in acetate buffer pH 5.6 were pipetted onto the working electrode area and
allowed to stand at room temperature for 45 min in a humid atmosphere (to prevent evapora-
tion). The immunosensor was rinsed with a large amount of water before the electrochemical
measurements.

Parameters such as the incubation time and the amount of antibody/electrode were opti-
mized to obtain good analytical characteristics, appropriate for Ochratoxin A detection in real
samples.

Results and Discussion
Electrochemical measurements

We have performed Faradic electrochemical impedance spectroscopy measurements using the
classic redox probe ferricyanide/ferrocyanide, at the formal potential of this reversible redox

Ochratoxin A —> @

Anti-OTA

Bovine Serum Albumin -
Cross-linked layer

Gold film —

Fig 1. Schematic outline of the electrochemical immunosensor for OTA determination.

doi:10.1371/journal.pone.0160021.g001
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Fig 2. A) EIS Nyquist spectra of each modification electrode step, at 10 mV sinusoidal ac potential
perturbation, 10%to 10~ Hz frequency, ferricyanide/ferrocyanide redox couple and B) Equivalent electric
circuit.

doi:10.1371/journal.pone.0160021.g002

couple, in order to induce the slightest possible perturbation in the system, as was recom-
mended by Bard and Faulkner [34].

Fig 2A displays the Nyquist impedance spectra recorded upon the stepwise process of elec-
trode modification, providing specific information on the barrier properties and the changes at
the interface sensor-solution throughout the biosensor building process. The bare gold elec-
trode showed an extremely small semicircle domain (black curves), implying a very low elec-
tron-transfer resistance of the redox probe.

After the grafting of the BSA film on the electrode, R, increased significantly (red curves),
due to the deposition on the electrode surface of an organic layer with negatively charged ter-
minal carboxylic groups COO™ (the isoelectric point of BSA being 4.7).
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The protein layer acts as a physical and an electrostatic barrier for the [Fe(CN)4]* ">~

anions, preventing redox probe to reach the electrode surface and slowing down the electron
transfer kinetic between the probe and the electrode. Similar approaches were also used by
Radi and colab. [26]. Next, antibodies were covalently immobilized onto the BSA modified
electrode and a remarkable drop in the R, was observed (blue curves) because the negative
charge of BSA- modified electrode is partly neutralized by the covalent attachment of the anti-
body. Afterwards, the R, increased when the sensor was used for OTA detection (magenta
curves), as the OTA binding to surface-bound antibody created an additional barrier to the
electron transfer at the interface.

Variants of equivalent electrical circuits were tested before choosing the most appropriate
circuit for our experimental curves from Fig 2A. For this circuit, by using the facilities of FRA
4.9 software, we analysed each individual response for each experimental step and we consid-
ered the data where we obtained the low Chi-square values. The impedance data were fitted to
equivalent circuit shown in the Fig 2B that includes the solution resistance (Ry), the charge
transfer resistance (R), the constant phase element (Q) and the Warburg impedance element
(W).

Ideally, W and Rs represent the properties of the electrolyte and diffusion features of the
redox probe in this solution and they are not affected by modifications at the electrode surface.
Q value depends very much on the dielectric properties of the layer that separates the electrode
surface and the ionic charges, the thickness of the separation layer and surface area of the elec-
trode. A large increase in the Q value was noted when bare Au electrode was covered with
BSA-EDC-NHS layer, whereas a Q decrease was observed upon further attachment of the anti-
body or of OTA to the sensor interface.

R, value depends on the insulating properties at the electrolyte/electrode interface. R,
changes were much larger than those in other impedance components, and thus R, can be
considered an adequate signal for the determination of the interfacial properties for the pre-
pared immunosensor.

The experiments were run in triplicated and statistical analysis was used. Table 2 shows the
average values of equivalent circuit parameters for all the steps of the immunosensor elabora-
tion and also for the immunochemical reaction between ochratoxin A and its antibody.

EIS is a sensitive tool for monitoring affinity interactions at surfaces, but particularly due to
this high sensitivity it is highly recommended to confront the impedance results with other
electrochemical techniques (cyclic voltammetry, linear swept voltammetry or differential pulse
voltammetry), and to record a good parallel control of the samples [35].

It was observed that our results are consistent with the cyclic voltammetry curves shown in
Fig 3A.

The cyclic voltammograms of soluble electroactive species provide a convenient tool for
monitor the various stages of the immunosensor building on gold electrode. The CV-s were
performed after all the step of electrode modification and also after toxin adding on electrode
surface. Fig 3A shows the CV-s in solution of 5 mM ferricyanide in 0.1 M KCl, 100 mV/s scan
rate, for initial gold electrode, BSA/EDC/NHS modified electrode, antibody anti-OTA/BSA/

Table 2. Averages values of the equivalent circuit parameters for various steps of the immunosensor.

Modification Rs (Q cm?) Q (107%uF) n Rct (Q cm?) W (105 Q cm?)
Bare electrode 4.10 142 0.92 1.267 806
BSA-cross linked film 4.52 513 0.85 413 635
Anti-OTA Antibody 4.29 238 0.88 157 683
OTA 10 ng/mL 3.97 122 0.86 307 724

doi:10.1371/journal.pone.0160021.1002
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Fig 3. A) CVs of the sample at 0.1 V/s scan rate in ferricyanide/ferrocyanide redox couple, after each step of
the immunosensor build-up and B) OTA calibration curve.

doi:10.1371/journal.pone.0160021.g003
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Table 3. Average values of the equivalent circuit parameters for various OTA concentrations.

Conc. OTA (ng/mL)
100
75
50
20
10
5
25

doi:10.1371/journal.pone.0160021.t003

Rs (Q cm?)

4.16
4.22
3.98
4.06
3.97
4.27
4.01

Q (107%uF) n Rct (Q cm?) W (1076 Q cm?) ARct (Q cm?)
172 0.85 1451 712 724
128 0.86 884 744 519
120 0.90 759 866 370
120 0.90 431 804 256
122 0.86 307 724 176
137 0.83 641 820 110
92 0.84 934 887 90

EDC/NHS modified electrode and after formation of immunochemical complex on the surface
of the anti-OTA/BSA/EDC/NHS modified electrode after 15 ng/mL OTA solution addition.

The cyclic voltammograms are strongly affected by the deposited layers, the difference
between the anodic and cathodic peak potentials does not remained constant, whereas the
peak current modifies significantly. It can be seen initial the characteristic quasireversible
redox cycle for a bare Au electrode and after its functionalization with BSA/EDC/NHS, the
electron transfer between the redox probe and electrode surface was severely affected and an
obvious decreasing of the anodic and cathodic peaks was observed. After the Ab immobiliza-
tion on the functionalized electrode surface, the peak currents of the redox couple of ferricya-
nide/ferrocyanide increases again. Immunochemical reaction of OT A molecules with the
antibody film determined a decrease in the Faradaic response. It was observed also an increase
in the peak-to-peak separation between the cathodic and anodic waves of the redox probe,
indicating that the electron-transfer kinetics of ferricyanide/ferrocyanide is obstructed. All the
observations are in accordance with results of EIS analyses about studied electrodes and these
two techniques allow a good parallel control of the samples [35].

To evaluate the immunochemical reaction between antibody anti-OTA and OTA, we
exposed the anti-OTA/BSA-EDC-NHS/Au electrode to various OTA concentrations. It was
found an increase for R, parameter with the adding of OTA (Table 3).

The difference between R values before and after incubation with OTA is considered the
analytical signal AR, = R ((after)-R.; (before). As it can be seen in Fig 3B, there is a steady lin-
ear increase in AR, with the OTA concentration. The calibration curve in Fig 4 was further
used for determining the OTA concentration in plant extracts samples.

Immunosensor specificity

In this work, we immobilized monoclonal antibody anti-Ochratoxin A from Novus Biologicals
(Canada) in order to propose a rapid method for ochratoxin A detection using antibody-
immobilized on BSA-functionalized gold electrodes. We chose to do as this because, even that
the cost of biosensor could increase, this choosing minimized the cross-reactivity (previous
tests were done to check cross reactivity using aflatoxin Bl1—data not shown in this paper-and
no cross-reactivity was observed).

Some control experiments were performed with a sensor fabricated without antibody, aim-
ing to confirm that the impedance changes were indeed due to specific interaction between
OTA and its antibody, and were not caused by nonspecific adsorption. This second sensor was
prepared using an identical protocol with identical conditions, buffers, concentrations, etc. as
used for the specific antibody electrodes.

Fig 4A shows the impedance spectra recorded for a sensor before and after the incubation of
10 ng/mL OTA and Fig 4B for supplemental control experiment that uses antibody-free device.
In this last case, no obvious impedance changes were detected upon the incubation with OTA,
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Fig 4. Nyquist plots at 10 mV sinusoidal ac potential perturbation, ferricyanide/ferrocyanide redox couple, for
response of sensor with an antibody specific for OTA (A) or of sensor without antibody (B).

doi:10.1371/journal.pone.0160021.g004
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Table 4. Values of the equivalent circuit parameters for electrodes with plant extracts.

Sample
Sample 1 OTA 5 ng/mL
Sample 2 OTA 10 ng/mL

doi:10.1371/journal.pone.0160021.t004

Rs (Q cm?)
4.01
4.02

Q (107uF) n Rct (Q cm?) W (10 Q cm?) ARct (Q cm?)
107 0.87 261 670 122
153 0.87 409 848 150.5

which confirm that the observed impedance changes are due to specific antibody-OTA
interactions.

We have proven the specificity of the interaction with OTA and the fact that non-specific
adsorption effects are insignificant by making EIS determinations with a biosensor unmodified
with antibody anti-OTA.

OTA detection in plant extracts samples

The liquorice obtained from local market was crushed into mortar with pestle and 1 g of pow-
der was mixed for 6 minutes with 5 mL of acetate buffer (pH 5.6). The mixture was kept at rest
for 5 minutes and then was filtered through absorbent filter paper and 0.2 um Nylon syringe
filter. This extract (stock solution) was further diluted 1:1000 in acetate buffer in order to be
used for the experiment.

50 pL plant extract was mixed with 50 uL OTA in different concentrations before analysis
with the electrochemical immunosensor. A volume of 75 uL of each sample was dropped on
the surface of antibody- modified electrodes and allowed to incubate for 30 minutes. The
Nyquist diagrams were recorded before and after incubation of the sensors with the plant
extracts. The impedance data were fitted to equivalent circuit shown in Fig 2B, and the solution
resistance, the electron transfer resistance, the constant phase element and the Warburg
impedance element were determined (Table 4).

Using OTA calibration curve and AR, (the difference between R, values before and after
incubation with plant extract) the OTA concentration of plant extracts was determined
(Table 5).

In this way, our new label-free, sensitive, cost-effective and fast EIS immunosensor can be
utilized for OTA detection. The sensor based on screen-printed gold electrodes was easily mod-
ified with a cross-linked film of BSA that further serves as “anchor” for the covalent immobili-
zation of the anti-OTA antibody. The casting of the protective BSA layer on the gold electrode
prevents any nonspecific binding between OTA and the gold surface.

The specific interaction between antibody and OTA induces an increase in electron transfer
resistance at the interface sensor-solution that is correlated with the concentration of OTA in
the sample. The detection of OTA was achieved by EIS on the linear range 2.5-100 ng/mL.
Obtained results have the advantage of larger linear range, which include the maximum levels
of OTA allowed by EC in various food products and are similar with some others obtained
using immunosensors and EIS/SPR detection [36]. The he immunosensor can be further opti-
mized and our next work will consider amplification strategies of the analytical signal in order
to improve the sensitivity of this method for OTA detection. One possible future option to
optimize the detection of these mycotoxins is the use of aptamers, where Catanante and colab.

Table 5. OTA concentration in spiked plant extracts.

Sample
Sample 1
Sample 2

doi:10.1371/journal.pone.0160021.1005

ARct (Q cm?) Concentration OTA (ng/mL) Recovery degree of OTA (%)
122 4.63 92.6%
150.5 9.82 98.2%
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[37] obtained very promising results, with better dynamic range. Another possibility is to
employ PEC (label-free photoelectrochemical) platform recommended as strategy for fabrica-
tion of label-free biosensor by Yang and colab. [38].

Conclusion

A new label-free immunosensor for ochratoxin A detection was developed. This sensitive, fast
and cost-effective sensor based on a screen gold electrode, which was easily modified in order
to immobilize the monoclonal antibody anti-OTA, induced an increase in electron transfer
resistance at the interface immunosensor-solution that is related to ochratoxin A concentration
in the sample. The method could be successfully used for detection of ochratoxin A from plant
extracts using bioanalysis and biosensing.
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Abstract—In this paper it is presented an architecture of a
flexible mini robot in a multiagent robotic system wireless
commanded. In a multiagent system the value of an individ-
ual agent is negligible since the goal of the system is essential.
Thus, the agents (robots) need to be small, low cost and co-
operative. RoboSmith is designed based on these conditions.
The proposed architecture divides a robot into functional
modules such as locomotion, control, sensors, communica-
tion, and actuation. Any mobile robot can be constructed by
combining these functional modules for a specific applica-
tion. Embedded software with dynamic task uploading and
multi-tasking abilities is developed in order to create better
interface between both robots and the command center and
between the robots. The dynamic task uploading allows the
robots change their behaviors in runtime. The flexibility of
the robots is given by the fact that the robots can work in
multiagent system, as master-slave, or hybrid mode, they can
be equipped with different modules and they may be used in
other applications such as mobile sensor networks remote
sensing and plant monitoring.

Index Terms—wireless network, intelligent agents, mobile
robot, intelligent architecture.

I. INTRODUCTION

The main goal of this work is to develop a flexible mini
robot that to be used in implementation of a multiagent
robotic system, and to present the software architecture.
The nature of the multiagent systems (even if applied in
robotics) brings some limitations and conditions to the
design of a reliable platform [1, 5, 11, 13, 14]. The size, the
cost, and the cooperative abilities via specific tools are
some of the limitations and conditions. The size and cost
limitations are closely related since smaller size means less
material and thus less cost. With the advances in microe-
lectronics fabrication technologies, the size and the cost of
the chip used in the systems decreased significantly, which
allows the designers to meet the cost limitation. Even
though the electronic components have become smaller
significantly, the mechanical parts and the battery sizes are
still reasonably large. The size limitation on a mini robot is
imposed by mostly the mechanical parts and the batteries
[3, 6, 9]. The fundamental problem with reducing the size
of the mechanical devices is that they become inefficient or
not fully functional when their size is shrunken. For exam-
ple, when the size of a DC motor or of a gear gets smaller,
their power and their durability are reduced significantly.
These limitations have determined our design.

There have been many definitions of a robot in the lit-
erature since the beginning of the robotics field in the
1940s. After they have been introduced in the factories, the
robots became mobile and smaller with the progresses

made in mechanical and electrical engineering fields. After
the mobility of the robots was developed, the artificial in-
telligence field brings its contribution to robotics by mak-
ing them autonomous and smarter [2, 4, 8, 12].

The multiagent systems represents a relatively new area
in the computer science and a very new area in robotics,
which started to be developed in 1980s but that only in the
mid-1990s gained widespread interest [S5, 7, 14, 16]. The
multiagent systems are compositions of computing ele-
ments that possess autonomous action, and which are able
to interact among themselves, not only for exchanging
messages but also for a more elaborated kind of communi-
cation that resembles social activity (cooperation, coordi-
nation, negotiation, etc.).

The robot autonomy requires good communication and
sensing skills. These skills can be achieved using multi-
agent technology, which uses agentified components. Also
this problem can be approached by using conventional
elements of the robot not necessarily by agentifying the
whole robot [1, 12, 16].

The robots need sensors mainly for many reasons. First,
the sensing is the purpose of the mission. Second, the sens-
ing is necessary for survival in the robot’s environment:
e.g. to determine an obstacle on the planned path to the
target. Finally, the sensing is needed to enable the robots to
sense their own configurations and their relationships with
the environment. Once with sensing, a robot needs to make
decisions (to think) to be able to adapt to the environment
and to change the environment according to the mission [4,
10, 15].

No machine can survive in an environment without
proper feedback from it. The mechanical and sensor errors
can easily accumulate and put the robot in a dangerous
situation. Thus, cognition is essential for robots’ survival.
Acting is another essential requirement for the evolution of
intelligence. Acting is an ability to act on the environment,
to survive and accomplish the mission. Manipulation and
mobility are key components of action even though they
may not be necessary at the same time for small robots.
Most of the time, mobility is enough for small robots to
accomplish the mission. This changes the current image of
a robot from “one-armed iron-laborer” to “a mobile crea-
ture” mostly moved by wheels. In recent years, special
attention has been given to robots mostly inspired from the
nature (e.g. from human cooperation).

The multiagent society is encouraged by the human so-
ciety. The cooperation between agents let them accomplish
a complex mission with their rather limited skills. This
type of behavior brings the communication component to
the picture because the robots can cooperate with each
other only with effective communication between them. A
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considerable number of papers have been devoted to these
topics [1, 5, 10, 12, 13, 14, 16].

The organization of the paper is as follows. A flexible
design architecture based on the multiagent technology is
described in Section II. Then, in Section III, a modular
mini robot is described following the concepts presented
above. In Section IV is presented the robotic multiagent
system, RoboSmith, which links together the mini robots.
Finally, Section V gives the conclusions.

II. FLEXIBLE DESIGN ARCHITECTURE

There has been a significant amount of research in the
reconfigurable, modular and flexible robotics in the recent
years [4, 6, 12]. Most researches have been done on the
multiple identical modules that construct a single robot.
The proposed architecture has a vertical modularity based
on the horizontal layers multiagent architecture in which
the layers are not identical one to another. It slices a robot
into functional abstract layers such as locomotion, control,
sensors, communication and actuation.

These concepts avoid main disadvantages of the hori-
zontal layering (which require control of race conditions
over the actuators) because there is a single agent which
controls the actuators. Any mobile robot can be con-
structed by combining the above layers for a specific ap-
plication. A sub-module is a piece of hardware which ac-
complishes the functionality of an abstract functionality
(and also provides the skilling for respective agent), i.e. a
wireless communication sub-module for a communication
layer.

In our flexible architecture, the robot can be built by
combining a locomotion layer, the sensory layers, an actua-
tor layer, and the purpose specific layers. The software
flexibility is given by the multiagent technology. Fig. 1
presents the proposed hardware layers and Fig. 2 presents
the software functionality [12].

In this model, each layer can be implemented by the cor-
responding hardware. For example, a sensor layer may be
an ultrasound sensory board or a proximity sensory board,
or perhaps both. The sub-modules are designed such that
they have a unique signature and a standard pin connec-
tion. The sub-modules can be added at any level and the
position does not affect its module’s operation.

Since the layers can be combined in any order, an appli-
cation specific robot can be quickly constructed. For ex-
ample, if a new problem domain requires legs rather than
wheels, the wheeled sub-module can be instantly swapped
with the legged sub-module. Also, in the software applica-
tion, the wheels agent is replaced by legs agent. This is
essential for the flexibility of the applications since agents
might be equipped with complementary skills instead of
having the same skills.

The programming of the applications in robotics is far
from standardized. The primary reason is that each robot is
composed of very special hardware designed for a specific
goal. The result is that the software also becomes specific.
This is very convenient to the multiagent systems which
promote the reengineering instead of reprogramming. Also
the layers architecture can be easily implemented in the
multiagent systems. The communications between agents
are standardized by FIPA (Foundation of Intelligent Physi-
cal Agents) regulations. These facts make the multiagent
technology to be very useful in this situation.

A layered architecture is simultaneously reactive and de-
liberative. The agents deliberate and make decisions based
on the symbolic representation (model) they have on the
external world. These agents make more effort to model
the complex entities of the external world. The reactive
agents suppose the existence of basic behaviors or se-
quences of actions that execute concurrently from the low-
est level of intelligence. These behaviors are, in turn, used
by more complex ones to create more complex levels of
intelligence. A layered architecture contains a set of inter-
acting layers in which some are deliberative and others are
reactive. In horizontal layering the sensors are directly
connected to each of existing layers, which also might
drive output directly.
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The focus on this section moves from the architecture of
the flexible mini robot to the architecture where a group of
agents create a form. Individual agents are useless in the
large majority of situations, because most scenarios in-
volve several interacting agents. When dealing with multi-
agents the important aspects are to know how they com-
municate and how they interact. The communication and
the interaction are the mechanisms that let the community
of agents to have a more complex behavior than just the
sum of their individual behaviors (see Fig. 3).

For the implementation of multiagent systems we will
use JADE (Java Agent Development Environment) which
is a middleware platform intended for the development of
distributed multiagent applications based on peer-to-peer
communication [17]. JADE includes Java classes to sup-
port the development of application agents and the run-
time environment that provides the basic services for
agents to execute. An instance of the JADE run-time is
called a container, and the set of all containers is called the
platform. These platforms provide the layers that hide from
agents the complexity of the underlying execution system.
This mechanism is depicted in Fig. 4.
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Figure 3. Agents interactions with the environment.
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Figure 4. The JADE architecture.

III. THE MINI ROBOT

The RoboSmith’s robots are flexible mini robots, which
take the advantage of a layered design approach described
in Section II. Even though there are five levels in the
hardware and software architectures, the implementations
(sub-modules) of the levels can be more than one. In addi-
tion, each level may also involve multiple closely related
functionalities. The sub-modules are designed and manu-
factured at the Automation Laboratory. This section pre-
sents the mini robot and main sub-modules.

The locomotion module has a mechanical base and lo-
comotion module hardware (sub-module). The base of the
robot consists of an aluminum frame, two stepper motors,
some gearing, two wheels and associated ball bearings, and
the batteries. The base is designed by CAD tools and ma-
chined with high precision CNC machines. Fig. 5 shows
the base with wheels, gears and motors. A legged version
of the base is also in design process as an alternative loco-
motion to be used in different applications. The battery
selected for the mini robot is an AA form factor NiMH
rechargeable cell. Four of these cells connected in series
are used in the system. The cells are nominally 1.2 volts
each for 4.8 volts system voltage.

The two wheels module is very versatile and easily di-
rection able. This mechanism allows the robot to make
short turns by moving only a wheel and stopping the other.
Another advantage is providing by the sensors. The time
delay is not critical because, in this situation, the locomo-
tion module has plenty of time to turn and the control
module has plenty of time to make decisions.

The locomotion layer is implemented by first electronic
module and the mechanical base described above. It’s the
most critical layer in the operation of the robot. It contains
the circuit for the stepper controller, which provides the
direction control for the motors and supplies the high cur-
rent they require. This module is also manufactured in
laboratory and includes common components. It also in-
cludes the power system, which consists of a DC-DC con-
verter and some passive components. The power system
provides +5 volts for the entire robot, and will accept from
1.5 - 15 volts on its input. This provides plenty of flexibil-
ity if a different battery system is put in place. This sub-

Figure 5. The base with wheels for flexible mini robot.
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module also contains the charge circuit, which allows the
battery to remain in the robot while it is recharged (see Fig.
6). Also by choosing the high capacity elements the robot
has greater autonomy.

Over on this sub-module (as seen in Fig. 7), it is the
main controller, an ATMega8 microcontroller running at
16 MHz. The 8 kB flash memory is included on the chip
and also 512 B RAM and 1 kB SRAM. All other compo-
nents are soldered directly to the board. Having improve-
ments of the memory architecture, the mini robots are able
to run in a flexible architecture.

At the top, the sub-module for communication layer is
based on an XBee hardware board (serial version) (which
is very similar to familiar ZigBee modules) [19]. This is
necessary for the agent’s interactions and for reporting to
the main server unit which is hosted on a PC (see Fig. 8.).
Another XBee module (an USB version this time) is con-
nected to a host PC and connects the mini robot to the con-
trol program. Also many mini robots (a maximum of 16 is
recommended) equipped with XBee module can be inter-
connected in this manner. The control program will coor-
dinate the messages.

IV. THE MULTIAGENT ROBOTIC SYSTEM

The RoboSmith architecture is based on a multiagent
robotic system which coordinates the entire community of
agents. This section presents the implementation of the
RoboSmith architecture.

The RoboSmith is a networked organization of mini ro-
bots that have formed together a cooperative dynamic net-
work to reach group benefits. RoboSmith is a society of
agents (the mini robots) and therefore their interactions are
at society level. The mini robots can be considered intelli-
gent agents because they are proactive, reactive and have
social ability. They are proactive since they have goal di-
rected behavior that is seen when the layers involved par-
ticipate in society with the best possible performance.
Moreover, they can keep working even under the environ-
mental coalitions. They are reactive in the sense that they
react to changes in the external environment, which are
“sensed” through messages. Although the RoboSmith
agents are not purely reactive, the importance of messages
in their behavior is so relevant that their architecture is
more reactive than proactive. Finally, they have social abil-
ity because they are able to negotiate and to cooperate with
the other mini robots.

The communication and the interaction among individu-
als or within some domains can only take place if there is
some of the conceptualisation of these domains. To guar-
antee a common semantic understanding, agents must use
appropriate ontology to communicate with their partners.
In the case of the RoboSmith, all the mini robots need to
share some basic concepts, such as skills, requests, services
and agent. Therefore all agents of the proposed architecture
share a basic global ontology that patterns the basic re-
ferred concepts.

For our purposes, we have adopted the description of an
agent as a software program with the capabilities of sens-
ing, computing, and networking associated with the spe-
cific skills of the mini robots described above. This imple-
mentation is made in JADE because this development tool
is very versatile and could be very well integrated with
others development tools (like Protégé-2000 and Java [17,
18]). Also JADE is an open source FIPA compliant Java

Figure 8. Implementation of hardware communication layer.
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based software framework for the implementation of the
multiagent systems. It simplifies the implementation of the
agent communities by offering runtime and agent pro-
gramming libraries, as well as tools to manage platform
execution and monitoring and debugging activities. These
supporting tools are themselves FIPA agents.

JADE offers simultaneously middleware for FIPA com-
pliant multiagent systems, supporting application agents
whenever they need to exploit some feature covered by the
FIPA standard (message passing, agent life cycle, etc.), and
a Java framework for developing FIPA compliant agent
applications, making FIPA standard assets available to the
programmer through Java object-oriented abstractions. The
general management console for a JADE agent platform
(RMA — Remote Monitoring Agent), like in Fig. 9, ac-
quires the information about the platform and executes the
GUI (Graphic User Interface) commands to modify the
status of the platform (creating new agents, shutting down
containers, etc) through the AMS (Agent Management
System). The agent platform can be split between several
hosts (provided that there is no firewall between them).
The agents are implemented as one Java thread and Java
events are used for effective and lightweight communica-
tion between agents on the same host. The parallel tasks
can be still executed by one agent, and JADE schedules
these tasks in a more efficient (and even simpler for the
skilled programmer) way than the Java Virtual Machine
(VM) does for threads. Several Java VM, called containers
in JADE, can coexist in the same agent platform even
though they are not running in the same host as the RMA
agent. This means that a RMA can be used to manage a set
of VMs distributed across various hosts. Each container
provides a complete run time environment for the agent
execution and allows several agents to concurrently exe-
cute on the same host. The DF (Directory Facilitator),
AMS, and RMA agents coexist under the same container
(main-container) together with the RoboSmith’s agentified
mini robots, as it is shown in Fig. 9.

To facilitate message reply, which, according to FIPA,
must be formed taking into account a set of well-formed
rules such as setting the appropriate value for the attributes
in-reply-to, using the same conversation-id, etc., the
method createReply() is defined in the class that defines
the ACL (Agent Communication Language) message. Dif-
ferent types of primitives are also included to facilitate the
implementation of content languages other than SL (Stan-
dard Languages), which is the default content language
defined by FIPA for ACL messages. This facility is made
with Protégé 2000 as depicted in Fig. 10.
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Figure 9. JADE Implementation of RoboSmith.
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Figure 10. Defining ontologies for RoboSmith.

In Fig. 11 is presented a graphical view of ontology
classes which facilitate understanding the fact that from the
point of view of the programmer, a JADE agent is simply a
Java class that extends the base agent class. It allows inher-
iting a basic hidden behavior (such as registration, configu-
ration, remote management, etc.), and a basic set of meth-
ods that can be called to implement the application tasks of
the agent (i.e. send/receive ACL messages).

Moreover, the user agents inherit from their Agent su-
perclass some methods to manage agent behaviors. Also
this diagram can be represented in UML (Unified Model-
ing Language) because behaviors are implemented as hier-
archy of the classes.

The Protégé 2000 connects to RoboSmith JADE Agents
by including a Protégé configuration file in the Java com-
piler. The RoboSmith ontology is divided in many con-
cepts that follows the class hierarchy defined above.
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Figure 11. Classes hierarchy for RoboSmith architecture.
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V. CONCLUSIONS

In this paper, the exploitation of the multiagent technol-
ogy applied in flexible mini robotic system has been pre-
sented. A number of two robots were constructed and
were implied in multiagent robotic system. It is possible to
extend this number by adding similar robots.

The results presented confirmed the theoretical predic-
tions made during the design phase. The proper function
of the robotic system is important from a practical point of
view since it provides a detailed framework about the de-
sign of the control structure and the behaviors tasks. This
confirm that multiagent technology can be successfully
implemented to control the robotic systems.
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