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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 AI 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 AI-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.

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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• 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 θ<t>. Predicted values are defined with the hat notation. A predicted
observation at time step t+ n is defined as θ̂<t+n>. Vectors are represented by bold symbols.
A vector of sensor observations is marked as Θ<t−τ,t−1>, which represents a series of sensor
observations from time step t− τ to time step t− 1.

3.1. Problem Definition

Given a set of historical depth sensing observations Θ<t−τ,t−1>, the current sensor
observation θ<t>, the mobile robot’s current state s<t> = [x<t>, y<t>, v<t>, ϕ<t>], and
a global reference trajectory Z<t−∞,t+∞>

re f , 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, t + 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: Z<t+1,t+n>

L .
Both local and global trajectories are represented as sequences of vehicle states: Zre f =

{[xi, yi, vi, ϕi]|∀i ∈ [1, . . . , N]} and, respectively, ZL = {[xi, yi, vi, ϕi]|∀i ∈ [1, n]}, where xi
and yi are the Cartesian coordinates of the vehicle, vi the velocity, and ϕi is the orientation
angle of the vehicle with respect to its initial orientation. n is the length of the generated
local trajectory, Zre f is the global reference trajectory, and ZL 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.

Figure 2. Encoder model architecture. The input of the deep neural network is a sequence of length
τ 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 τ.
The output of the model is a sequence of future observations of length n.

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:

P3D = {[Xi, Yi, Zi]|∀i ∈ Dimg} (1)

where Xi, Yi, and Zi 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)
z
fx

Y = (i− cy)
z
fy

Z = z

(2)
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where j is the column coordinate of the current pixel from the depth image, i is the row
coordinate of the current pixel from the depth image, cx and cy are the optical center
coordinates, fx and fy are the focal distance coordinates, and z is the depth value at
coordinates (i, j).

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

p⇐ pc ⇐⇒ Tmin ≤ d(o, pc) ≤ Tmax, ∀pc ∈ P3D (3)

where p is the filtered point, pc is the candidate point, o is the vehicle coordinate system
origin, Tmin is the minimum threshold value, Tmax is the maximum threshold value, and d
is the L2 norm, calculated as ||o− pc||2.

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

p⇐ pc ⇐⇒ Tmin ≤ Ypc ≤ Tmax, ∀pc ∈ P3D (4)

where p is the filtered point, pc is the candidate point, Tmin is the minimum threshold
value, Tmax is the maximum threshold value, and Ypc is the height of the candidate point pc.
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:

V3D =

{
1 , i f Pi ∈ v(i, j, k)
0 , otherwise

(5)

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:

V2D = {(Xi, Yi)|Xi ∈ V3D, Yi ∈ V3D} (6)

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

V2D
<t−τ,t−1> ⇐ {V<i>

2D , ∀i ∈ [t− τ, t− 1]} (7)

A visual representation of the processing chain applied to the input depth images
can be seen in Figure 3. The history sequences V<t−τ,t−1>

2D are, again, processed by the
sequence formatter module, which reshapes them to a suitable format for the LSTM module
of our algorithm.

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 n 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 V̂<t+1,t+n>
2D 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 V<t+i>

2D and
performs DBSCAN, according to [19]. The output of this layer is, for each time step t + i, 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: Θ<t−τ,t−1>

Require: θ<t> ▷ Current depth sensor observation
Require: obstacles = {} ▷ Empty list of obstacles

1: for i ∈ [t− τ, t] do
2: P<i>

3D ← to_pcl(θ<i>)
3: P<i>

3D ← reject_outliers(P<i>
3D )

4: V<i>
3D ← to_3d_voxel(P<i>

3D )
5: V<i>

2D ← project_2d(V<i>
3D )

6: end for
7: m← {V<i>

2D |∀i ∈ [t− τ, t− 1]}
8: V̂<t+1,t+n>

2D ← m(V<t−τ,t−1>
2D ) ▷ Obtain predictions

9: cj ← cluster_outputs( ˆ⃗v<t+1,t+n>
2D , V<t>

2D ) ▷ Cluster outputs
10: for j ∈ [0, clen] do
11: obstacles← cj ▷ Append obstacle
12: end for

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 τ = 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.

L(V, V̂) =
1
n

n

∑
i=1

(V̂i −Vi)
2[(1− 1+)α + 1+(1− α)] (8)

where α 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, V̂) =

{
1 , V̂ −V ≥ 0
0 , otherwise

(9)

After experimenting with the architecture and the loss function, the scale factor α 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.
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Figure 4. Asymmetrical Loss function. The asymmetrical loss function calculated for different values
of the scale factor α.

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 z⃗ on the ground where the net
moment along the vertical axis passing through z⃗ is zero:

∑
i
(⃗ri − z⃗)× f⃗i = 0 (10)

where r⃗i is the position of the i-th foot contact point relative to z⃗ and f⃗i 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:

z⃗ = p⃗− 1
mg ∑

i
f⃗i × r⃗i (11)

where m is the mass of the robot, g is the gravitational acceleration, and p⃗ is the position of
the robot’s center of mass.

The desired target ZMP z⃗d is calculated based on the desired motion (e.g., walking
forward):

z⃗d = f ( p⃗d, f⃗1, . . . , f⃗n) (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 z⃗d 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:

xt+1 = xt + vt+1 cos Θ
yt+1 = yt + vt+1 sin Θ
Θt+1 = Θt + δt+1

(13)

where x and y represent the robot’s position in the 2D birds-eye view moving space, Θ is
the heading, and δ 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 vt+1, δt+1 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 (ϵG), 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 (ϵϕ), 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 (ϵv), which represents the difference between the mobile robot’s velocity
and the reference velocity.

• Smoothness cost (ϵs), 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 (ϵt), which represents the sum of distances between Cartesian coordi-
nates of the candidate trajectory and the reference trajectory.

Algorithm 2 DWA control loop

Require: Z<t−∞,t+∞>
re f ▷ Global trajectory

Require: V̂<t+1,t+n>
2D ▷ Predicted observations

Require: V<t>
2D ▷ Current observation

Require: s<t> ▷ Current robot state
Require: ZMP← []

1: w← dwa_window() ▷ Calculate dynamic window
2: minC = ∞
3: for v, δ ∈ w do
4: candidate← dwa_loop(v, δ)
5: candidate← reject_collision(candidate, s<t>, V̂2D)
6: if candidate ̸= ∅ then
7: ϵG ← goal_cost(v, δ, Zre f )
8: ϵϕ ← orientation_cost(v, δ, Zre f )
9: ϵv ← velocity_cost(v, δ, Zre f )

10: ϵs ← smoothness_cost(v, δ, v<t−1>,
11: δ<t−1>)
12: ϵt ← trajectory_cost(v, δ, Zre f )
13: C = KGϵG + Kϕϵϕ + Kvϵv + Ksϵs + Ktϵt
14: if C < minC then
15: minC ← 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
Z<t−∞,t+∞>

re f 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, (c)—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: ncol .
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The second evaluation metric was the cross-track error, defined as the difference
between the reference trajectory Zre f and the generated local trajectory:

ēct =
1
n

n

∑
i=0
| f (x)− yi| (14)

where f (x) is the polynomial approximation of the generated local trajectory evaluated in
x and yi is the measured point y coordinate.

The third evaluation metric was the orientation error:

ēϕ =
1
n

n

∑
i=0
|ϕ<i> − ϕ<i>

d | (15)

where ϕ<i> is the robot’s orientation at time step i and ϕ<i>
d 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 ncol ēct(m) ēϕ(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

Right Ours 3 0.29 0.1
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 2.3 12 92

Left Ours 1.2 10 93
YoloV7 1.3 11 92

Right Ours 1.3 11 92
YoloV7 1.0 11 92

Multiple Ours 1.7 14 88
YoloV7 1.3 13 82

The number of collisions nc 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 ēct and orientation error ēϕ, 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
ϵt and orientation cost ϵϕ).

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.

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 (ttc) and false positive rate FPR. 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.

Figure 7. Prediction horizon size ablation. Prediction horizon size vs. performance metrics: ttc and
FPR. 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.

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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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 

I.  INTRODUCTION  
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.  

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), 

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. 1a, the high flux solar simulator 
(HFSS) uses an array on ten water-cooled high pressure xenon 
arc lamps (Ushio UXW, 15 kW) [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 AM1.5 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.1 b. The optimized 
ellipsoid geometry was determined by Monte Carlo ray-
tracing simulations [10]: truncation diameter of 0.95 m, 
ellipsoid semi-axes of 1.685 m and 0.768 m, numerical 
eccentricity of 0.89. 
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lamp [12] 
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Fig. 3. The cooling system 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. 

The accelerated ageing tests under concentrated light were 
performed using four photovoltaic cells, illuminated with 170 
suns (1sun=1000 W/m2). 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 
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Fig. 5. The user interface of the PC monitoring application 

 
Fig. 4. The measurement system schemata 

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 l/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 cm2 area and 
two monocrystalline photovoltaic cells with 0.3 cm2 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 

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:  

• NI 9215 –16 bits four simultaneously sampled analog 
input channels dedicated for measuring the solar cells 
voltage. 

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

• NI 9401 – 8 bidirectional digital I/O dedicated for 
independently triggering the four I-V solar cells 
characteristics measurement. 
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Fig. 6. The radiative flux map and the positioning of the 
photovoltaic cells 

• 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. 

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 photovoltaic (MC) cells were cut at a smaller area 
(0.3 cm2) than Emcore (EM) cells (1 cm2). 

The flux distribution was measured using the Al2O3-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. 
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Fig. 7. The I-V characteristic  

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/m2 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 

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. 

I. 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 

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.  
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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  

 
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 m2 
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 
I-V. The parameters that can be determined using one or 
more I-V characteristics are: Voc - open circuit voltage, Isc 
– short circuit current, Pmax - maximum power, Rsh - shunt 
resistance, Rs - series resistance, m - ideality factor of 
diode, FF - fill factor, Io - reverse saturation current and η-
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  

  (1) 

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

  (2) 

The fitting ensures the determination of the following 
parameters: Io, Isc, Rsh, m, Pmax and implicitly η 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-

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 
1s 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-

52 http://www.i-joe.org



SPECIAL FOCUS PAPER 
MEASUREMENTS IN CONCENTRATED SUN USING A REMOTE CONTROLLED ROBOT 

 

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 mΩ). Also in the same direction it 
is necessary that the resistance for current measurement to 
have a very small resistance (20 mΩ).  

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 (AI) 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 I-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: 
 at different solar illumination level (700, 900 and 

1000 suns)  
 at different temperatures (24 and 30 degrees Celsius) 
 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 Voc=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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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. 

I. INTRODUCTION 
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.  

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 

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). 

978-1-5090-4488-7/17/$31.00 ©2017 IEEE 887



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 (0,1]α , 
which is an alternative way to catch the patient’s particular 
response to insulin injection.  

The model is described as [18]:  



)(τ)()(α

)(3)(2)(α

)(1)(])(1[)(α

tutnItItD

tIptXptXtD

tmbGptGtXptGtD







 

where 
tD  refers to the  -order fractional time derivative. 

The variables in the model are )(tG  [mg/dL] is the blood 
glucose concentration, with the basal value bG , )(tX  [1/min] 
is the dynamic insulin response, )(tI  [mU/L] is the blood 
insulin concentration, )(tm  [mg/min] is a glucose disturbance 
input (which can be the result of having a meal). The system 
input is the exogenous insulin rate )(tu  and the output is the 
blood glucose concentration )(tG .  

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 I.  PARAMETERS OF THE INSULIN-GLUCOSE MODEL  

Parameter Description Unit Range Value Nominal value 

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

2p  rate for decrease in tissue of glucose uptake 1/min [0.02, 0.025] 0.0209 

3p  insulin-dependent increase of tissue glucose uptake  L/(mU×min2) [6×10-5, 13×10-6] 7.51×10-6 

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

τ  insulin input conversion factor 1/L - 1/12 

bG  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 

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.  

 

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: 


)(1

)()()(1)(α

tmbGpGX

tXGtGXtGptGtD




 

with G  and X  defining the operating point. Further, the 
constant term bGpGX 1  is neglected based on the reasoning 
presented in [23]. 

The linearized model can be expressed in the form of a 
fractional-order transfer function )(/)()( sUsGsG p  , 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 

)()}({ αα sYstyDt L . 

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

 ,
θ

γ
θ

γ
d

θd
α

α
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
eeJ

t
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where θ 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, )()()( tytyte m , γ  is the 
adaptation gain, θ/e  is the sensitivity derivative of the 
system, and α  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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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]: 

 )()()()( 321 tyktyktrktu   

where 1k , 2k , 3k  are adjustable parameters. Having the 
control model, the new MIT rule is going to be applied on 
plant’s transfer function )(sG p :  

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

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

 1)()(1 32  TppktGktG pp  

Then, the controller’s parameters adjustment rules will be: 
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where )(tG p  from the denominator in (8) is introduced in the 
adaptation gain γ  [11]. Applying the Laplace transform on the 
equations (10) results in: 


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IV. SIMULATIONS AND RESULTS 
To simulate and evaluate the control performance of the 

closed loop system, a Matlab-Simulink scheme and FOMCON 
toolbox were used. 

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]: 


2
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)max/(
)(

t

teAD
tm

tt
gg



  

where gD  [g] is the quantity of carbohydrates in the meal (an 
uncertain value, but in many simulations this is 50-60 grams), 

8.0gA  is a constant that refers to the fraction of absorbed 
glucose from a meal, and maxt  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 ]mg/dL[80bG  and after a meal with 

g60gD  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, bG  (see Fig. 3).  

 

Fig. 3. Glucose concentration response 

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

 case 1: 1α   and 0.5α1  ; 

 case 2: 0.9α   and 0.5α1  ; 

 case 3: 0.7α   and 0.5α1  . 

(Please note that α  is the order of the fractional derivative in 
plant’s model and α1  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 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). 

 

Fig. 4. The error variation 
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Next, using the same control low and keeping 0.7α  , the 
insulin-glucose model parameters are changed as follows: 

 01.01 p , 02.02 p , 5
3 106 p  (yellow); 

 03.01 p , 021.02 p , 6
3 105.2 p  (magenta); 

 031.01 p , 022.02 p , 6
3 1051.4 p  (cyan); 

 032.01 p , 023.02 p , 6
3 1051.6 p  (red); 

 034.01 p , 023.02 p , 6
3 105.8 p  (green); 

 0375.01 p , 025.02 p , 6
3 105.13 p  (blue); 

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

 

Fig. 5. Glucose concentration responses for different sets of values  
for the parameters 1p , 2p , 3p . 

 

Fig. 6. The error time variation for different sets of values for the parameters 

1p , 2p , 3p . 

Comparing the glucose concentration responses to the 
nominal case, it can be concluded that using the same control 

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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a  b  s  t  r a  c t

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).

©  2017  Elsevier  B.V.  All rights  reserved.

1. Introduction

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
is represented 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.

need for bone efficient antibiotics, such as aminoglycosides, is  in
contrast to their severe toxicity when applied systemically. In view
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
eradicate it [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

http://dx.doi.org/10.1016/j.apsusc.2017.02.197
0169-4332/© 2017 Elsevier B.V. All  rights reserved.
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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 (5 mg/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 × 1 cm2 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 �m range (Rq = 2–4  �m)), 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  (C5H8O2)n) 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% SiO2,  15% CaO, 11% Na2O, 8.5% MgO, 6%  P2O5,  3% K2O
(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].
0.12 g BG and 800 mg  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* (� =  248 nm,
�FWHM ≤ 5 ns) excimer laser source which was operated with 5 Hz
repetition rate at fluence of 0.55 J/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 ×  10–2 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 × 250) �m2.
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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−1,  spec-
tral resolution of 0.4 cm-1 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 Cintra10e
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 15 kV acceleration voltages, in
high vacuum, under secondary electron mode. The samples were
scanned using a  Workshop TT atomic force microscope (AFM)
equipped with a 15 �m scanner. All  images we recorded on a 15 �m
by 15 �m 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 JM109,
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 –
dH2O) 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 5  mL  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
OD600 =  0.02 in LB and bacteria were let grow until reaching OD600
≈  0.25–0.35 that  corresponds to  ≈ 1 × 108 CFU/mL. Next, 500 �L of
bacteria suspension was diluted 1:50 in  sterile dH2O  to a final con-
centration ≈ 1–2 × 106/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 dH2O. 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–1), curcumin (1384,
1440, 1490 and 1730 cm–1)  and PMMA  (1114–1280 cm–1). For
turmeric, the strong peak at 1730 cm-1 was due to  C=O adsorp-
tion, the one at 1384 cm–1 to aromatic C–O stretching, while the
1420 cm–1 peak was assigned to the characteristic CH3 bending and
1490 cm–1 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 an irregular 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].

On  the second hand, as time of immersion went on, FTIR spectra
exhibit new peaks, at 752 and 842 cm–1, belonging HPO4

2−,  at 1040
and 1062 cm–1 belonging PO4

3− and at 1630 cm–1 belonging CO3
2−.

Their presence proves the appearance of the hydroxyapatite (HA
– Ca10(PO4)3(CO3)3(OH)2), 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.

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–1 belonging of
BG, at 1114–1280 cm–1 that belong to  PMMA  and at 2946, 2989 and
3336 cm–1 belonging to basil. The FTIR spectrum of holy basil exhib-
ited an absorption band at 3400–3620 cm–1, 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 PO4
3−

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: BG is 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].

2. H, C, 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.

3.  Ca and Pa atoms:  The concentration of Ca (Fig. 2 g, 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
deeper (∼150 nm). This, the most probably means that the

thickness of the BHA layer containing the two elements rapidly
grows, and the samples get covered by a  coating very similar to

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×.

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 (�m) 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,

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 –0.25 V, with a  0.1 V/s scan
rate. The working electrodes have a square shape and 1 cm2 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 0.1 Hz 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 (�A/cm2)
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 2.97

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 5.3 ± 3.7 94.7
BGB/PMMA/SS 9.7 ± 8.9 90.3

E.  coli BGT/PMMA/SS 44.2 ± 4.6 55.8
BGB/PMMA/SS 49.5 ± 4.4 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�, 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 turmeric release, 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.  

 

I. 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/m2 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 
II [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 

Photovoltaic cell Area  
[cm2] 

Efficiency  
[%] Test center 

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

CIGS, CdTe ≈1 19.6 NREL,  
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 ≈1 37.9 AIST 

TABLE II 
EFFICIENCY OF THE PHOTOVOLTAIC CELL MEASURED IN CONCENTRATED 

LIGHT 

Photovoltaic cell Area  
[cm2] 

Efficiency  
[%] 

Illumination 
[suns] 

Test 
center 

Si monocrystalline 1 27.6 92 FhG-ISE 
GaAs thin-film 0.05 29.1 117 FhG-ISE 

InGaP/GaAs/InGa
As Multijunction 

cell 
0.162 44.4 302 FhG-ISE 

 
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 Isc, the open circuit voltage Voc, 
the fill factor FF and the efficiency η 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, Jørgensen 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 I*Rs 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 Rs, the shunt resistance Rsh, the ideality factor of 
diode m, the reverse saturation current Io and the 
photogenerated current Iph in function of different 
concentrated sunlight levels. 
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II. 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. 

 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 m2 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 m2. 

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 1000oC 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. 2.  The experimental set-up. 

 

Fig. 1.  The land of heliostats at Weizmann Institute of Science Rehovot, 
Israel.

 

 
 

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 (AI) 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 μF 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:  

 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. 

III. 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 I-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. 

 

 ( )
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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 Vm and the maximum current Im. 

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).  
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Fig. 3.  The panel interface of the software. 
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The corrected series resistance Rs, the ideality factor of 
diode m, the reverse saturation current Io and the 
photogenerated current Iph are determined  using the 
parameters calculated above and some approximations for the 
equation (1) [10].  

 
( )CBV

Am
t +

=     (4) 

 

where Vt is the thermal voltage, A, B and C are calculated as 
follows: 
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 The other parameters Io, Rs and Iph are determined using the 
following equations: 
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2. The photovoltaic cells 

The photovoltaic cells under test are the following: 

 the commercial monocrystalline silicon photovoltaic 
cell (mc-SI) with an area of 0.5cm2 

 the commercial polycrystalline silicon photovoltaic cell 
(pc-SI) with an area of 0.5cm2 

 the thin films CdTe photovoltaic cell developed in the 
lab with an area of 0.5cm2.  

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/m2 that means one sun, 50 suns, 

100 suns and 150 suns at 25oC 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 

 

 
 

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

 

 
 

 

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 Io 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 1sun- 50 
suns, afterward the growth being saturated. 

IV. 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 

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

Three parameters of photovoltaic cells, Io, Rs 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 themost-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 great importance. 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 albuminmodified 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 μg/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]).

Functionalized Gold Electrodes for OTA Detection
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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).

Electrochemical detection systems seem most promising thanks to their high sensitivity, fea-
sibility of low cost, low endogenous background, compatibility with portability and
miniaturization.

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 (Rct) 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
electrodes

Linear range Detection limit (and other
parameters)

Refe-
rences

Highly sensitive and reusable electrochemical
impedimetric aptasensor

CV, EIS 1.25 ng/L—500
ng/L

0.25 ng/L [28]

Direct competitive immunosensor the substrate the p-benzoquinone
generated enzymatically was
detected by differential-pulse
voltammetry

in wines was of 0.11 ± 0.01
ng/L

[29]

A Langmuir-Blodgett (polyaniline (PANI)-stearic
acid (SA)) film based highly sensitive and robust
impedimetric aptasensor

SEM, FTIR, CV, EIS, contact angle
measurements

0.1 ng/mL -10 ng/
mL, and 1 μg/mL-

25 μg/mL

0.1 ng/ml in 15 min can be
reused*13 times

[30]

A self-assembled monolayer (SAM) of 11-amino-
1-undecanethiol (AUT) has been fabricated onto a
gold (Au) substrate to co-immobilize anti-
ochratoxin-A antibodies (AO-IgGs) and bovine
serum albumin (BSA)

SEM, CV, DPV, EIS over 0.5–6.0 ng/dL 0.08 ng/dL using 3σb/m
criteria, response time of 30 s,
regression coefficient of 0.999

[31]

Nanostructured zinc oxide (Nano-ZnO) film has
been deposited onto indium-tin-oxide (ITO) glass
plate for co-immobilization of rabbit-
immunoglobulin antibodies (r-IgGs) and bovine
serum albumin (BSA)

XRD, FTIR, SEM, EIS 0.006–0.01nM/dm3 0.006 nM/dm3, response time
as 25s, regression coefficient
of 0.997

[32]

doi:10.1371/journal.pone.0160021.t001
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shaped Au working electrode (1.6 mm diameter, 0.0196 cm2 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 (K4Fe(CN)6—Pub-
Chem CID: 71309461), potassium ferricyanide (K3Fe(CN)6—PubChem CID: 26250), Ochratoxin
A (PubChem CID: 442530) were purchased from Sigma–Aldrich, St. Louis (USA). Bovine serum
albumin (BSA) Crystalized 100% was purchased fromMann Research Laboratories Division of
Becton Dickinson & Co NY (USA) andmonoclonal 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 μg/mL
in acetate buffer were prepared.

A solution containing 0.1 M KCl, 5 mM K3[Fe(CN)6] and 5 mM K4[Fe(CN)6] 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
104 to 10−1 Hz, superimposed on +0.178 V dc potential, that is the potential of the ferrocya-
nide/ferricyanide couple [Fe(CN)6]4−/3−. The spectra were taken in 1mM 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 KCl, 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 andWarburg impedance. For each modified electrode, the impedance spectra were
recorded before and after incubation with the standard or sample solution. The variation in the
Rct following incubation with standard/sample was calculated as ΔRct = Rct(after)-Rct(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

Functionalized Gold Electrodes for OTA Detection
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electrode with 100 mV/s scan rate in 0.5 M H2SO4 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 μL), 20 μL of 0.4M EDC and 20 μL of 0.1 M NHS were mixed and allowed
to stand 5 minutes at room temperature. Afterwards, 10 μL 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 μL 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 unboundmaterial. After this, the
antibody anti-OTA immobilization was done by covering the modified electrode surface with a
10 μL droplet of the 5 μg/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 μL 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 μL 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

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

doi:10.1371/journal.pone.0160021.g001
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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, Rct 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).

Fig 2. A) EIS Nyquist spectra of each modification electrode step, at 10 mV sinusoidal ac potential
perturbation, 104 to 10−1 Hz frequency, ferricyanide/ferrocyanide redox couple and B) Equivalent electric
circuit.

doi:10.1371/journal.pone.0160021.g002
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The protein layer acts as a physical and an electrostatic barrier for the [Fe(CN)6]
4−/3−

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 Rct 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 Rct 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 (Rs), the charge
transfer resistance (Rct), 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.

Rct value depends on the insulating properties at the electrolyte/electrode interface. Rct

changes were much larger than those in other impedance components, and thus Rct 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 (Ω cm2) Q (10−6μF) n Rct (Ω cm2) W (10−6 Ω cm2)

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.t002
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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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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 OTA 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 Rct parameter with the adding of OTA (Table 3).

The difference between Rct values before and after incubation with OTA is considered the
analytical signal ΔRct = Rct(after)-Rct (before). As it can be seen in Fig 3B, there is a steady lin-
ear increase in ΔRct 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 B1—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,

Table 3. Average values of the equivalent circuit parameters for various OTA concentrations.

Conc. OTA (ng/mL) Rs (Ω cm2) Q (10−6μF) n Rct (Ω cm2) W (10−6 Ω cm2) ΔRct (Ω cm2)

100 4.16 172 0.85 1451 712 724

75 4.22 128 0.86 884 744 519

50 3.98 120 0.90 759 866 370

20 4.06 120 0.90 431 804 256

10 3.97 122 0.86 307 724 176

5 4.27 137 0.83 641 820 110

2.5 4.01 92 0.84 934 887 90

doi:10.1371/journal.pone.0160021.t003
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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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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 μmNylon syringe
filter. This extract (stock solution) was further diluted 1:1000 in acetate buffer in order to be
used for the experiment.

50 μL plant extract was mixed with 50 μL OTA in different concentrations before analysis
with the electrochemical immunosensor. A volume of 75 μL 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 ΔRct (the difference between Rct 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 4. Values of the equivalent circuit parameters for electrodes with plant extracts.

Sample Rs (Ω cm2) Q (10−6μF) n Rct (Ω cm2) W (10−6 Ω cm2) ΔRct (Ω cm2)

Sample 1 OTA 5 ng/mL 4.01 107 0.87 261 670 122

Sample 2 OTA 10 ng/mL 4.02 153 0.87 409 848 150.5

doi:10.1371/journal.pone.0160021.t004

Table 5. OTA concentration in spiked plant extracts.

Sample ΔRct (Ω cm2) Concentration OTA (ng/mL) Recovery degree of OTA (%)

Sample 1 122 4.63 92.6%

Sample 2 150.5 9.82 98.2%

doi:10.1371/journal.pone.0160021.t005
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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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