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___________________________________________________________________________ 

Abstract: This study investigates the use of wireless sensors and intelligent techniques for 

developing an integrated motion analysis system for post-operative recovery monitoring of 

Anterior Cruciate Ligament (ACL) reconstructed subjects. The combined kinematics and 

EMG signals have been used for classification of the recovery status of the subjects. Two 

intelligent techniques (Elman Recurrent Neural Network and Fuzzy Rule-based Classifier) 

have been tested and the resulting rehabilitation status of the athletes compared. The system 

has been initially tested on a small scale with national athletes in Brunei Darussalam. The 

successful implementation of the approach shows its feasibility for national as well as 

international athletes. 

___________________________________________________________________________ 

 

1. Introduction  

 

Knee injuries are one of the most common injuries in sports requiring running, jumping or 

quick changes in movement such as soccer/football, netball and basketball etc. In these 

sports, sudden stops during running, quick changes of direction, pivoting, incorrect landing 

and direct blows to the knee may cause knee injury and specifically sprains or tears in the 

Anterior Cruciate Ligament (ACL). Other types of knee injury include meniscus tear, lateral 

and medial collateral ligament injury, posterior cruciate ligament (PCL) injury, patellar 

injuries, dislocation of the patella, rupture of the patellar tendon, fractures and stress 

fractures. The major reason for these injuries is the complex nature of the knee joint, with 

many components that make it vulnerable to trauma or stress. It has been reported that the 

knee is the most effected (nearly 30 percent) body site during sports in young athletes, and 

requires costly surgeries in more than 50 percent of cases, followed by expensive post-

operation rehabilitation programs (Darrow et al., 2009). 

With the advent of small-scale, light-weight and wearable sensors, different types of 

biosignals are readily available for monitoring health- and performance-related activities of 

athletes (Coyle et al., 2009; Ghasemzadeh et al., 2011; Ghasemzadeh et al., 2009; Glaros et 

al., 2003). These miniature sensors provide quantitative information that can be utilized to 

observe the fitness condition and recovery status of sportspersons in real time as well as 

offline (Glaros et al., 2005). However, these individual sensors have their own capabilities 

and limitations in providing enough information about various human physiologic processes 

and body activities. For example, inertial sensors can provide information about the 

kinematics of an athlete but no information about the strength of the muscles and their 

activation timings. On the other hand, neuromuscular activities can be monitored by using 

mailto:arosha.senanayake@ubd.edu.bn
mailto:11H1202@ubd.edu.bn
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electromyography, but this does not provide any information about the joint moments and 

forces exerted by different body parts, which can be recorded by using force plates or other 

similar sensors. A more holistic picture of the athlete’s rehabilitation process can be obtained 

by combining biosignals recorded from different types of sensors (EMG, ECG, EEG signals 

from BioCapture Systems, joint dynamics and lower extremity activities using micro-scale 

motion sensors and kinetic signals using force platforms) rather than relying only on limited 

biosignals. The sensor integration and/or fusion approach may provide a more detailed 

analysis of different activities performed by athletes. Sensor integration is commonly used to 

complete a task by gathering data from a multimodal sensor. In sensor fusion, data recorded 

from disparate sensory sources is combined into a single representation to acquire more 

accurate, reliable and complete information about a given situation. Both sensor integration 

and fusion need to deal with a number of issues e.g. processing and interpreting multiple 

signals which may be homogeneous or heterogeneous in nature, signals having different 

sampling rates and/or electromechanical delays etc. (Khaleghi et al., 2011). 

The integration of different sensors and information fusion has gained attention recently 

in different areas, including monitoring activity in stroke patients (Giuffrida et al., 2008; Roy 

et al., 2009), tremor sensing/suppression (Widjaja et al., 2008) and hand gesture recognition 

(Zhang et al., 2011). The major focus of these studies has been dealing with movements in 

the upper extremities. This study proposes a recovery monitoring system based on the 

integration of kinematics and EMG signals for knee injuries (in particular after ACL 

reconstruction) in national athletes in Brunei Darussalam as well as in international athletes. 

The aim of this study is to investigate an objective rehabilitation monitoring system for ACL 

injuries which can assist clinicians and athletes in examining and observing the recovery 

progression. This system will also provide biofeedback using intelligent techniques to 

improve the overall rehabilitation process. 

 

2. Literature Survey 

 

2.1 Anterior Cruciate Ligament (ACL) Injuries and Rehabilitation 

The ACL provides a major restraint against the anterior tibial motion besides limiting internal 

tibial rotation during lower limb activities. The ACL is an intra-articular but extra-synovial 

band of dense connective tissue composed of two functional bundles; the anteriomedial (AM) 

bundle and the posteriolateral (PL) bundle. These bundles are responsible for maintaining 

both anterior and rotator stability with varying tensioning patterns throughout the range of 

motion of the knee (Bicer et al., 2010). Deceleration due to sudden changes of direction, 

twisting and/or pivoting during sports, such as soccer and basketball, may cause tearing of 

the ACL, resulting in changes in the kinematics, kinetics and neuromuscular activities of the 

athlete. It also results in loss of proprioception and neurophysiologic dysfunction, preventing 

the athlete from participating in sports activities. At least 70-80 percent of all ACL injuries 

sustained by athletes are due to non-contact injury mechanisms (Boden et al., 2000). A high 

incidence of ACL injuries has been reported in young athletes (aged 14-20 years), while 

female athletes appear to be more susceptible to non-contact ACL injuries than their male 

counterparts (about 8 times more common) (Renstrom et al., 2008; Wilk et al., 1999). The 

data on surgical reconstruction in sporting populations reveal varying estimated incidences of 

ACL injuries (e.g. 85/100,000 in Norway, 70/100,000 in Germany, 81/100,000 in Sweden, 

1/3500 in Netherland and 1/3000 in USA) (Prentice, 2003; Renstrom et al., 2008). 

The rupture of the ACL causes knee instability and significant disability, with certain 

long-term consequences including the development of osteoarthritis (Louboutin et al., 2009). 

The short- and long-term consequences of ACL injury can be avoided by using either 
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surgical approaches involving reconstruction of the ACL followed by rehabilitation, or 

conservative approaches involving rehabilitation alone. The most commonly used 

reconstructive technique is intra-articular reconstruction, which uses the central third of 

patella tendon or the hamstring tendon for graft, preferably through endoscopy (Zarins et al., 

1986). The ultimate goal of anatomic reconstructive surgery remains to restore the native 

anatomy as much as possible. 

Arthroscopically-assisted single-bundle ACL reconstructions have been found to be more 

than 80 percent successful, while anatomic double-bundle ACL reconstructions can be 

offered in an effort to improve knee stability and restore the biochemical characteristics of 

the intact ACL (Shen et al., 2007). However, at two years follow-up, no significant difference 

in ranges of motion was found between those who had undergone single-bundle and double-

bundle ACL reconstruction (Irrgang, 2008). 

Efficient and effective rehabilitation programs are crucial for athletes following ACL 

reconstruction as well as for those having ACL deficiencies. Rehabilitation programs are 

designed to rebuild muscle strength, re-establish joint and neuromuscular control and to 

enable the athletes to return to pre-injury activity levels. Before assigning a rehabilitation 

program, the subject’s age (chronological and physiological), activity level, general health, 

injury history, presence of co-morbidities, athletic activity history and full participation 

expectations should be considered, in addition to knowing the graft type and method of 

fixation. Apart from the type of training, injury and surgery, factors such as aging, life style 

choices and general health play influential roles in the recovery progress. Early weight 

bearing, early mobilization, rehabilitation without braces and early CKC exercises have 

shown promising results in recovery from ACL surgery (Renstrom et al., 2008). Electrical 

muscle stimulation in the early phase of rehabilitation after ACL surgery also plays an 

important role (Renstrom et al., 2008). Changes in cartilage metabolism following ACL 

reconstruction persist for up to two years, which need to be monitored to avert the eventual 

development of osteoarthritis irrespective of the rehabilitation program. Due to the 

anatomical and neuromuscular dissimilarities between male and female athletes, special 

rehabilitation programs for female athletes have been reported and require further 

investigation (Wilk et al., 1999). 

The return to sports is one of the primary objectives of ACL reconstruction in an athlete. 

Although the recovery time for ACL injury varies from athlete to athlete, recent studies 

support a return to full sports competition 6 months after ACL reconstruction (Myer et al., 

2006).Goal-based criteria (muscle strength, functional & static knee stability, ROM) are 

recommended for a safe return to sports rather than reliance on a specific time period for 

rehabilitation (Ekstrand, 1991; Myer et al., 2006; Roi et al., 2005). For measuring ACL 

reconstruction outcomes and assessing functional ability, a combination of subjective and 

objective evaluations have been reported, as no single score or instrument can 

comprehensively measure all parameters (Shaw et al., 2004). Commonly used objective 

outcome measures include range of motion (ROM) measurements using a goniometer (Gogia 

et al., 1987; Miller, 1985), circumference measurements (Dietrichson et al., 1994; Fowler et 

al., 1987; Gotlin et al., 2000; Maylia et al., 1999; Soderberg et al., 1996), functional hop tests 

(Bandy et al., 1994; Barber et al., 1992; Roi et al., 2005) and the testing of knee 

stability/laxity using an arthrometer (Fiebert et al., 1994; Hanten et al., 1987; Highgenboten 

et al., 1989). On the other hand, a variety of subjective outcome measures exist based on the 

assessment of different indicators including knee rating scores (e.g. IKDC, Lyshom) and 

analog scores (e.g. NRS, VAS) (Shaw et al., 2004). In addition, there are a few measures (e.g. 

SIRAS) available to assess the subject’s rehabilitation progress in the clinical environment 

following ACL reconstruction (Brewer et al., 2000). 
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2.2 Use of Sensors in Rehabilitation from Knee/ACL Injuries 

The usage of different sensors has been investigated in recent studies of the changes in knee 

joint dynamics and gait pattern during the rehabilitation process after knee surgery (Atallah et 

al., 2011; Gouwanda et al., 2008; Rosenhahn et al., 2005). These sensors measure the 

kinematics, kinetics and/or neuromuscular behavior of the knee by employing different 

mechanisms. 

The availability of low-cost solutions in the form of light-weight miniaturized sensors has 

given rise to pervasive healthcare systems which can objectively monitor functional recovery 

after ACL reconstruction in both clinical and home settings. 

 

2.2.1 Inertial Sensors 

 

Figure 1 A Motion Sensor with Connecting Command Module (up) and 3-D Accelerometers 

and Gyroscopes (below) 

 
 

Inertial sensors, consisting of single or multiple accelerometers and gyroscopes, are generally 

used to measure the acceleration, tilt and angular motion of a body in one, two or three 
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dimensions (see Figure 1). Inertial sensors have been used for activity recognition in different 

domains, including medical, sports and home monitoring and assisted-living applications. 

The most common inertial sensors used in these applications are accelerometers and 

gyroscopes. 

Although there are still a number of challenges in the use of these inertial sensors, they 

still provide enough accurate information to be used in different applications (Avci et al., 

2010). An ear-worn activity recognition (e-AR) sensor based on an accelerometer has proved 

to be quite successful in observing recovery after knee replacement surgery (Atallah et al., 

2011). Different post-operative activities can be continuously monitored using such a 

miniaturized sensor, which later on may help in quantifying any impairment after knee 

arthroplasty. 

A motion capture system based on arrays of magnetic, angular rate and gravitational 

(MARG) sensors has also been used to measure the joint angles that identify gait patterns 

during rehabilitation after total knee replacement surgery (Ayoade et al., 2011; Saito et al., 

2009). The offset drift of the gyroscope was reduced with the help of an accelerometer and a 

magnetometer or an accelerometer alone, using either a complementary (Madgwick, 2010) or 

Kalman filter (Saito et al., 2009). The measurements made by these inertial sensors are 

reasonably comparable with high-quality but expensive motion capture systems (e.g. 

OPTOTRAK and Vicon). Recently, Microsoft Kinect with Primesensor NITE middleware 

has been used to improve the overall estimated joint angle detection by inertial sensors 

(gyroscopes and accelerometers) for monitoring rehabilitation (Bo et al., 2011). In this 

system, the gyroscope drift is reduced using accelerometer data and measurements from 

Kinect (when available). Although Kinetic has its own limitations (e.g. low sampling 

frequency, estimation errors), it still offers the possibility of calibrating the inertial sensors to 

a certain extent. 

 

2.2.2 Electromyography (EMG) 

 

Figure 2 Electromyography Recording from Lower Extremity Muscles using Bio-Capture 

System 

 
 

The knee injury recovery problem not only requires the monitoring of kinematic parameters 

but also involves the restoration of neuromuscular control by increasing muscle strength. A 
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common technique is to use electromyography for recording the electrical potential generated 

by muscle cells when these cells are electrically or neurologically activated (see Figure 2). 

The two popular EMG recording techniques are surface EMG and intramuscular EMG. 

Surface EMG is a non-invasive technique for recording muscle movements, while 

intramuscular EMG uses a needle/fine wire for monitoring muscle activities. 

Electromyography (EMG) has played a role in monitoring neuromuscular activity in knee 

rehabilitation (ACL-injured knee) for quite a long time (Draganich et al., 1987; Solomonow 

et al., 1987). These studies show that muscle recruitment and the response to Anterior Tibial 

Translation (ATT) vary significantly in ACL-deficient and normal subjects, directly affecting 

the ACL-deficient individual’s physical activity and functional performance (Wojtys et al., 

1994). In order to monitor such neuromuscular activity, surface electromyography (sEMG) 

has been used to record the muscle functions non-invasively. 

There have been conflicting results in previous studies about the effectiveness of sEMG 

biofeedback and neuromuscular electric stimulation (NMES) in the rehabilitation process for 

knee injuries, including ACL injuries (Draper, 1990; Draper et al., 1991; Dursun et al., 2001; 

Paternostro-Sluga et al., 1999). In one of the recent studies, Boucher et al (Boucher et al., 

2009) have shown that the knee extension active range of motion (AROM) function can be 

improved by using sEMG triggered neuromuscular electric stimulation (NMES) during post-

operative knee rehabilitative exercises. However, at the same time, it does not provide any 

additional improvement in function or knee extensor muscle strength. Comparisons of four 

studies of level 2 evidence or higher (Silkman et al., 2010) have shown that it is inconsistent 

to support the use of EMG biofeedback in knee rehabilitation when used in conjunction with 

conventional exercise rather than conventional exercise alone The compared studies 

evaluated the results of EMG biofeedback in improving quadriceps muscle [vastus medialis 

oblique (VMO) and vastus lateralis (VL)] activation and knee function in two different 

injuries, namely patellofemoral pain syndrome and meniscectomy. Nevertheless, sEMG 

biofeedback intervention may still be used as a tool to involve the patient in the rehabilitation 

process and to demonstrate the activity within the quadriceps muscle group, as it is a non-

invasive procedure and has little to no risk. Other than knee rehabilitation, EMG has also 

been used for identifying potential ACL ruptures beforehand and so preventing such injuries. 

It has been shown that athletes with low-knee flexor EMG preactivity and high-knee extensor 

EMG pre-activity during side-cutting are more prone to ACL rupture (Zebis et al., 2009). 

 

2.2.3 Fabric Sensors 

In recent years, fabric sensors (textile based sensors) have been designed to record the 

physiological and biomechanical parameters of the human body (Catrysse et al., 2003; Rossi 

et al., 2006). In fabric sensors, sensing devices, electrodes and connections are integrated into 

the fabric by combining conductive and non-conductive yarns. These wearable sensors have 

also been used in monitoring the sports performances of athletes and the rehabilitation of 

knee injuries (Coyle et al., 2009; Metcalf et al., 2009). For preventing ACL ruptures, an 

intelligent knee sleeve (IKS) was developed which provided audible feedback to athletes 

about the appropriate level of knee flexion for a series of landing activities (Munro et al., 

2008). It incorporated a sensor strip made from polypyrrole-coated nylon-lycra attached to a 

sports knee brace. The IKS does not measure the dynamic range of knee movement, but it has 

been able to detect events and provide threshold-based biofeedback as the knee bends during 

landing. For measuring the dynamic range of movement, fabric-based strain sensors were 

designed to be integrated within a garment to be worn across the knee joint (Metcalf et al., 

2009). These sensors were capable of measuring the knee flexion/extension of patients with 

ACL injury during a functional activity. Other than measuring kinematics, a cable-free 
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network system using conductive fabric, named “TextileNet”, has been developed to record 

electromyography (EMG) signals (Akita et al., 2008). The TextileNet system not only solves 

the problems of complicated wires and battery maintenance in wearable computing systems 

but also functions as an electric shield for noise reduction during EMG measurement. 

 

2.2.4 Kinetic Analysis 

The kinetic analysis of lower limbs involves the recording and monitoring of joint moments 

and forces. The kinetic analysis of knee joints can also be used to monitor the changes 

occurring during the recovery period after surgery. A wearable shoe-based force sensor 

system has been developed to facilitate joint kinetic analysis for evaluating human body 

movement (Zheng et al., 2008). This system measures ground reaction forces and centers of 

pressure and then uses inverse kinetic methods to estimate joint kinetics. The results of the 

system were compared with a force plate and optical camera for validation purposes and 

found to be satisfactory, based on root mean square (RMS) error calculations. In a different 

study, pressure sensor and fuzzy-logic data analysis system have been used to design a 

biofeedback shoe inlay for the knee-surgery recovery problem (von Altrock, 1999). During 

recovery, patients need to limit the strain on their knees. The fuzzy data analysis system 

estimates the internal strain in the knee from the pressure signal and implements fuzzy rules 

to warn the user before the maximum acceptable load is reached. However, the results of this 

system were not validated.  

 

3. Materials and Methods   

 

3.1 General System Architecture 

The proposed Hardware/Software co-design architecture for monitoring and assisting the 

ACL injury rehabilitation process is illustrated in Figure 3. The functionality of each 

component related to this study is described as follows. 

 

Figure 3 A General Framework for Motion Analysis Using Integrated Sensors 
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3.1.1 Hardware Components 

The system hardware includes the following major components: 
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• Wireless Inertial Sensors: These body-mounted miniature sensors are used to measure and 

record the athlete’s lower extremity motion, particularly knee activities during motion. 

• Wireless EMG Capturing System: Electromyography signals from the knee muscles are 

captured using the BioCapture system for monitoring neuromuscular activity during the 

rehabilitation process. 

• Video Camera: The video camera provides visual monitoring of the rehabilitation process. 

 

3.1.2 Software Components 

The system software includes the following major components: 

• Signal Acquisition Layer (SAL): This layer acquires the signals in raw form from different 

sensors (motion and EMG sensors). 

• Signal Pre-Processing Layer (SPL): This layer processes the raw signals into the format 

required for further processing by the system. 

• Feature Extraction Layer (FEL): This layer will be used to determine the most distinctive 

components of the EMG and other signals. 

• Signal Synchronization Layer (SSL): This layer synchronizes the signals from different 

sensors in order to analyze the overall performance of the knee joints and muscle activities 

during rehabilitation. Synchronization is required as the sensors have different sampling rates 

and there is a time delay in recording the measurement signals from these sensors. 

• Intelligent Data Analyzer (IDA): After transforming the biosignals into the required format, 

intelligent algorithms are used to classify the motion patterns and make predictions during 

rehabilitation. 

• Training Model: A training model will assist the IDA in classifying and making predictions 

during rehabilitation. 

• Recovery Monitoring/Biofeedback Interface: A biofeedback system will monitor the 

recovery and relay progress reports to both the clinicians and the athletes. 

• Knowledge Base (KB): The knowledge base is used to store the data/signals at different 

stages and in different formats for processing and classification. 

 

Figure 4 Signal Processing, Synchronization and Classification of Recovery Status 
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The main focus of this initial study was to synchronize the signals and implement the 

intelligent techniques so as to analyze the feasibility of the approach (Figure 4). 

 

3.2 Data Collection 

In this study, both healthy and unilateral ACL-reconstructed subjects were included so as to 

monitor and compare intra- and inter-subject recovery status. In the pilot study, 5 healthy 

male subjects and 5 single ACL-reconstructed subjects (3 females and 2 males) were 

recruited and their kinematics and muscular activities monitored during the gait cycle. The 

mean ages, heights and weights for the healthy and ACL reconstructed subjects are shown in 

Table I. The participants were recruited from Universiti Brunei Darussalam, the Ministry of 

Defense and the Ministry of Sports in Brunei Darussalam. All experimental procedures 

conformed to the ethics guidelines approved by the UBD Graduate Research Office and 

Ethics Committee. 

Two sets of experiments were conducted in this study. In the first set, healthy subjects 

were requested to walk at 2, 3 and 4 km/hour for 15 seconds on a treadmill. In the second set, 

subjects with ACL-reconstruction were requested to walk naturally and/or on a treadmill at 

speeds of 2, 3 and 4 km/hour. Both kinematics and EMG signals were recorded at the same 

time during all the experiments. 

 

Table I Mean Age, Height and Weight for Subjects 
 

Type of Subjects 
Gender Mean Age 

(Years) 

Mean Height 

(Centimeters) 

Mean Weight 

(Kilograms) 

Healthy Male 23.5 163 65 

ACL 

Reconstructed 

Male 25 178 80 

Female 28.5 164.6 61 

 

3.3 Experimental Setup 

In order to collect the experimental data, two sensing units, KinetiSense (ClevMed, Inc.) and 

BioCapture (ClevMed, Inc.), were used. The KinetiSense is a bio-kinetic analysis system 

consisting of a command module, wireless transmission radio and sensor units. 

Each sensor unit (size: 2.2cm x 1.5cm x 1.25cm) contains a tri-axial MEMS 

accelerometer and a tri-axial MEMS gyroscope to measure 3-D linear accelerations and 3-D 

angular velocities respectively. The data from the sensors is wirelessly transferred through a 

USB receiver to the computer where the KinetiSense software records the readings for each 

experiment. The sampling rate for the motion sensors data was 128Hz. Each subject was 

equipped with four motion sensors attached to the his/her right thigh, right shank, left thigh 

and left shank using flexible bulk and Velcro straps, so as to note record the angular motions 

and accelerations of the lower limb extremities. This data was then exported to MatLab to 

compute the knee angle and for further processing. 

The EMG signals were recorded using the BioCapture physiological monitoring system, 

consisting of a BioRadio and USB receiver. The BioRadio records the EMG signals, does an 

initial processing and then wirelessly transmits the signals to the computer using the USB 

receiver. For our study, the sampling rate for the EMG signals was set to 960Hz at 12/16 bit 

A/D conversion. In order to record the surface EMG signals, foam snap electrodes were 

placed on five different knee extensor and flexor muscles including the vastus medialis, 

vastus lateralis, semitendinosis and biceps femoris/gastrocnemius medialis. SENIAM EMG 

guidelines were followed for skin preparation and electrode placement (Hermens et al., 
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2000). The data recorded by BioCapture was exported to MatLab for filtering and EMG 

rectification. 

 

3.4 Knee Angle Computation and Signals Synchronization 

The knee flexion/extension measurements were obtained from the motion sensor units placed 

on the thigh and shank segments of both legs. The sensors were aligned to measure the knee 

angle about the sagittal plane by sensing angular motion about the Z-axis (Figure 5). The 

angular rate measurements obtained from the motion sensors (MEMS gyroscopes) were low-

pass filtered using a 6th order Butterworth filter with a 3 Hz cut-off frequency before 

computing the orientations. 

Measurements for zero-referencing the placement of the motion sensors were obtained 

prior to starting the experiment (the actual motion) when the subjects were in an upright 

position. These measurements were then subtracted from each angular rate during the 

experiment. The trapezoidal integration method was applied on the angular rates of both 

lower limbs to estimate the orientation of the lower extremity. The gyroscope integration drift 

was corrected using a complementary filter by fusing the orientation measurements from the 

gyroscope and accelerometer available to the motion sensor. The corrected angular 

measurements were used to compute the knee angle. 

 

Figure 5 Motion Sensor Placement and Coordinate System 
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The EMG signals were recorded using surface EMG electrodes placed at four muscles 

(the knee flexors/extensors: vastus medialis, vastus lateralis, semitendinosis and 

gastrocnemius medialis or biceps femoris) on each leg. The raw EMG data from BioCapture 

was high- and low-pass filtered using a 4th order Butterworth filter for generating EMG 

envelops for each muscle. 

The synchronization of both systems was done by using re-sampling and gait cycle 

detection. An up-sampling was done for the motion data from KinetiSense to match the 

sampling rate of the EMG recording from BioCapture. In order to detect the gait cycle, the 

heel strike (HS) event was identified from motion data by using the shank sagittal angular 
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velocity. The HS was identified by examining the timing characteristics of the angular 

velocity and determining the two minima on either side of a peak in the velocity curve, where 

every second minimum indicates the HS event (Jasiewicz et al., 2006). The anteroposterior 

acceleration from a 2-D accelerometer, available from BioCapture, was used to identify the 

heel strike event in the EMG data to mark the gait cycle and observe the overlapping of the 

knee kinematics and EMG signals of different muscles (Evans et al., 1991). 

 

3.5 Motion Classification Using Intelligent Mechanisms 

For classifying the motion of healthy and post-operated (ACL-reconstructed) legs, the 

recurrent neural network (Elman RNN) and fuzzy-logic-based classifiers have been used in 

this study (Elman, 1990; Mendel, 2001). The temporal nature of the gait cycle parameters 

was taken into consideration when implementing both techniques. The Elman RNN has an 

advantage over other types of neural networks in that it learns to recognize and generate 

temporal patterns. This characteristic was exploited in this study to identify the pattern set 

generated by the varying strength of the muscles and knee angles during each phase of a gait 

cycle. The temporal patterns of muscle activity and knee angle were assumed to provide more 

realistic information for the classification of the recovery status. A general architecture for 

the Elman RNN is shown in Figure 6. The inputs to the network were the knee angle and 

EMG signal values for four muscles: the vastus lateralis (VL), vastus medialis (VM), 

semitendinosis (ST) and gastrocnemius medialis (MG). 

 

Figure 6 The Elman RNN for Recovery Status Classification 
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The network was trained using a sequence of the above parameters for the healthy and 

post-operated legs of each subject and then tested on data from both legs. Each of the 

networks was trained for 1500 epochs, with 5 inputs, 50 hidden layer tansig neurons and a 

single logsig output layer with a gradient descent back-propagation weight/bias learning 

function, for 40 gait cycle sequences of the healthy leg. 

A two layered type-1 fuzzy rule-based classifier was also designed to classify the current 

health condition of the post-operated leg/knee. The fuzzy-logic-based recovery classification 

system has the advantage of catering for intra- and inter-subject variability in muscle 

strengths/activities and knee angles. In the proposed fuzzy-rule-based classifier, the first layer 

consists of six fuzzy classifiers based on the six phases (Load Response, First half of Mid-

Stance, Second half of Mid-Stance, First half of Terminal Stance, Second half of Terminal 

Stance and Terminal Swing) of the gait cycle to be monitored. These phases have been 

chosen based on the selection of four knee extensors/flexors. Each of these fuzzy classifiers 

has input parameters from a set of five values: knee angle, vastus lateralis, vastus medialis, 

semitendinosis and gastrocnemius medialis and one output parameter (recovery status during 

the phase). The exact number of inputs to the fuzzy classifier depends on the gait cycle phase 

being monitored. Three membership functions (High/Large, Medium and Low/Small) for 

each input parameter were defined using trapezoidal membership functions (MFs). Similarly, 

three membership functions (Good, Average and Poor) were defined for the one and only 

output parameter. The ranges and cut-off values for these membership functions were chosen 
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in the light of the average values from the same parameters of the healthy leg for each subject 

during the respective phases of the gait cycle. 

The design of the if-then rules was based on the healthy leg parameters and standard data 

(Perry, 1992). An example rule for the load response phase of a gait cycle is: 

IF (VL is high) AND (VM is high) AND (ST is medium or low) AND (MG is low) 

AND (KA is small) THEN (STATUS is Good) 

The outputs of the first stage were defuzzified and then given as input to the second layer 

as input. These singleton values were fuzzified according to the MFs of the second layer and 

the overall recovery status of the subject was calculated (Figure 7). Three MFs (Good, 

Average and Poor) for the input and output variables were defined using a trapezoidal 

function. The result of the second layer is the recovery status of the post-operated knee/leg, 

based on the current input parameters. 

 

Figure 7 Two Layered Fuzzy Classifier for Recovery Status 
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The output of the intelligent mechanisms described above was then used to provide bio-

feedback by storing the results in the knowledge-base and later retrieving them to retrain the 

network or the rules. 

The integration of the two types of signal gives feedback about the musculoskeletal 

activities of the subjects, and the intelligent techniques assist in making predictions and 

classifying the progress of the rehabilitation. This combined approach not only provides the 

feedback about the current recovery status but may also generate new patterns, which can be 

used to predict and compare the output of the later stages of recovery. 

 
4. Results 

 

4.1 Biosignals Analysis for Healthy Subjects 

For healthy subjects, the angular rate for thigh and shank was measured to compute the knee 

angle during normal walking. The activation timing, duration and strength of different 

muscles during a gait cycle were recorded by capturing the EMG signals. The correlated knee 

angle and EMG signals from the vastus lateralis/medialis, biceps femoris and semitendinosis 

muscles were recorded (Figure 8). The activation timings and duration properties of these 

muscles during normal walking for healthy subjects are in agreement with values in the 

existing literature (Perry, 1992). 
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Figure 8 Overlapped Knee Angle and EMG Signals for Different Muscles for a Healthy 

Subject at a Speed of 2 Km/Hour (A-D) 

 
(A) Vastus Lateralis 

 
(B) Vastus Medialis 

 
(C) Semitendinosis 
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(D) Bicep Femoris 

 

4.2 Biosgnals Analysis for ACL-Reconstructed Subjects 

ACL injury changes the knee dynamics and a subject generally takes a few months to recover 

completely after ACL reconstruction. Figure 9 shows the difference in the knee angle, the 

activation timings and the strength of the vastus lateralis for the healthy and post-operated 

legs of a female athlete after two months period of post-surgery rehabilitation. The peak 

muscle strength has a value of around 0.028 mV for the healthy leg but for the post-operated 

leg the peak muscle strength does not go beyond 0.019 mV. This shows that the vastus 

lateralis has not yet fully recovered after surgery. This figure also illustrates the difference 

between the knee angles of both legs. In a post-operated leg, the knee angle remains closer to 

zero for more time as compared to the healthy leg (between time 25.25 sec and 26 sec in Fig. 

9(B)), while the values of the knee angle are within the normal limits for the healthy leg 

(between time 26 sec and 26.75 sec in Fig. 9(A)). There is also a difference in both knee 

angles during the terminal swing phase, where in the post-operated leg the knee angle does 

not return to zero smoothly (between time 26.6 sec and 26.85 sec in Fig. 9(B)). This trend 

was found for all speeds for the vastus lateralis and other muscles. 

 

Figure 9 Activation Timings and Strengths at 2 Km/H of the Vastus Lateralis of the Healthy 

and Post-Operated Legs (A, B) of a Female Athlete 2 Months after Surgery 

 
(A) Vastus Lateralis (Healthy Leg) 
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(B) Vastus Lateralis (Post-operated  Leg) 

Figure 10 shows the condition of the knee angle and activation timings and strengths of 

the vastus lateralis for the healthy and post-operated legs of a male subject two years after 

surgery. This figure shows the difference between the knee angles of both legs. In a post-

operated leg, the knee angle drops and remains closer to zero for a little more time as 

compared to the healthy leg (between time 21.45 sec and 21.8 sec in Fig. 10(B)), while the 

values of the knee angle are within normal limits for the healthy leg (between time 22.15 sec 

and 22.5 sec in Fig. 10(A)). Although there is a difference in peak values for the vastus 

lateralis of both the healthy and post-operated legs, the activation timings and shape of EMG 

envelops match in both legs. A similar difference was also noted for the strengths of the 

vastus medialis, but the hamstring muscles have more or less similar strengths. This 

phenomenon is consistent at all speeds (2 km/h, 3 km/h and 4 km/h) for this subject. The 

increased muscle strength observed in the postoperated leg is probably caused by the re-

innervations of the muscle fibers following ACL reconstruction. Other possible reasons could 

be leg dominance, muscle hyper-trophy or hyper-reflexia or improper muscle strength 

training during the recovery process. 

 

Figure 10 Activation Timings and Strengths at 2 Km/H of the Vastus Lateralis of the Healthy 

and Post-Operated Legs (A, B) of a Male Athlete 2 Years after Surgery 

 
(A) Vastus Lateralis (Healthy Leg) 
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(B) Vastus Lateralis (Post-operated  Leg) 

It is clear from these figures that the second subject two years after surgery has 

significantly recovered from the injury while the first subject has not fully recovered. These 

differences have been used in this study for the classification of subjects at different stages of 

recovery. The knee kinematics and EMG signals for subjects with ACL reconstruction were 

analyzed using the recurrent neural network and a two-layered fuzzy classifier. The Elman 

RNNs were designed, trained and tested for post-operated subjects at three different walking 

speeds (2 Km/h, 3 Km/h and 4 Km/h). The networks converge to an error of 0.0746 on 

average (Figure 11). The targeted mean square error was 0.01 for higher precision. The 

difference between the targeted and actual errors suggests that higher accuracy in the 

estimates would require more input parameters. The network, once trained, uses the given 

input (knee angle and muscle conditions) to classify the subject as recovered or not 

recovered. 

 

Figure 11 The Curve of Network Error Convergence 

 
Table II shows the confusion matrix for the classification accuracy of the RNNs for a 

netball player walking at three different speeds 2 months after surgery for forty tested gait 

cycles. Table III shows the overall accuracy of the RNNs. It can be noticed that the overall 

accuracy of the Elman-RNN-based classifier is greater than or equal to 85%, which is 

reasonable given the small data set used for training. 
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Table II Confusion Matrix for Classification by the Elman RNN 
 

Walking 

Speed 

Actual Class\ 

Prediction  Healthy Not-Recovered 

2 Km/h 
Healthy 36.00 4.00 

Not-Recovered 7.00 33.00 

3 Km/h 
Healthy 34.00 6.00 

Not-Recovered 3.00 37.00 

4 Km/h 
Healthy 32.00 8.00 

Not-Recovered 4.00 36.00 

 

The fuzzy-rule-based classifier performs very well in classifying the recovery status of 

subjects as good, medium or poor. The system was tested for given values of the knee angle 

and average muscle strength in each of the six phases identified for the four muscles used in 

this study. 

Table III shows that the fuzzy-rule-based system classifies all instances of the recovery 

stages correctly during different walking speeds for each of the subjects considered. The 

system identifies the recovery status with high values as ‘medium’ for all walking speeds, 

which shows that this subject is partially recovered after post-surgery rehabilitation. 

 

Table III Classification Comparison of the Elman RNN and Fuzzy-Rule-Based System 
 

Classifier Walking Speed 

Sensitivity 

(%) 

Specificity 

(%) 

Accuracy 

(%) 

Elman RNN 

2 Km/h 90.00 82.50 86.25 

3 Km/h 85.00 92.50 88.75 

4 Km/h 80.00 90.00 85.00 

Fuzzy-Rule-

Based 

2 Km/h 100.00 100.00 100.00 

3 Km/h 100.00 100.00 100.00 

4 Km/h 100.00 100.00 100.00 

 

5. Discussion 

 

The need for an objective recovery progression during convalescence after ACL injury is a 

crucial factor in evaluating the effectiveness of a rehabilitation program. This preliminary 

study shows that the use of integrated signals and intelligent techniques can be provide 

substantial assistance in objective monitoring of rehabilitation and making informed 

decisions about the knee recovery progress. The methods used in this study demonstrate that 

a more holistic picture of the athletes’ rehabilitation process can be obtained using a 

combination of knee kinematics and neuro-muscular signals from sensors and thus from 

different types of biosignals rather than relying only on a limited range of biosignals. 

The system has been tested for a small group of healthy/ACL-reconstructed subjects and 

shows promising results. Figure 8 illustrates that the results of the sensors’ integration and 

fusion are consistent with previous studies, which confirms the feasibility of the approach 

(Perry, 1992). Changes in the knee angle and related muscles have also been reported in the 
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literature (Bulgheroni et al., 1997; Favre et al., 2006). The results shown in Figure 9 and 

Figure 10 conform to these studies. Figure 9 shows that there is an observable difference in 

the knee angle of a female subject two months after surgery. Moreover, the strength of the 

vastus lateralis muscle also varies in the healthy and operated legs of this athlete. On the 

other hand, there are minor differences in the knee angle and muscle activation in the healthy 

and operated legs of the male athlete two years after surgery. The differences in average 

muscle strengths or peak values vary from subject to subject, so it requires further 

investigations to determine the exact reasons for these dissimilarities in a particular subject. 

The use of intelligent techniques has also proved to be useful in the classification of gait 

variations in normal and operated legs. Although the convergence rate of the RNN is not up 

to the mark, the accuracy of the network can be further improved by including a larger data 

set and using more features of the EMG signals. The fuzzy-rule-based system has been 

proved to be a better option than the recurrent neural network in this initial investigation. 

Even though the classification results from the fuzzy-logic-based systems are more accurate, 

it is cumbersome to design a comprehensive set of rules to include all scenarios for all 

subjects. The fuzzy-rule-based system has been designed and tested on individual athletes as 

per their muscle strengths, an approach which can be generalized using the common features 

of the different recovery stages. A better option would be the use of a neuro-fuzzy approach 

to learning the rules and also a membership function generated from the training data. 

In this study, the bio-feedback mechanism is implicitly incorporated using intelligent 

techniques. These techniques learn from the past performance of the subject at different 

stages of rehabilitation and then use this information to provide feedback about the current 

recovery status. This feedback is also stored in the knowledge-base and later can be reused to 

compare the differences in the athlete performance. The limited feature set has been used for 

training the RNN and the fuzzy-rule-based system, and could be further enhanced by the 

inclusion of a more features, such as the frequency domain properties of the EMG signals. 

 

6. Conclusions 

 

The findings of this study demonstrate that the integration of kinematics and EMG signals 

and the use of intelligent mechanisms may assist in developing an objective and reliable 

system for monitoring the rehabilitation progress of ACL-reconstructed subjects. Based on 

the data reported here, the trained RNN and the fuzzy classifier can differentiate between 

completely recovered, partially recovered and not recovered subjects. The initial testing of 

the system on national athletes shows that the system can assist in identifying the clinical 

stage of the recovery process of athletes after ACL repair and may facilitate clinical decision-

making during the rehabilitation process. Future studies will focus on including a larger 

number of subjects for testing, the extraction of additional features from the EMG signals and 

the refinement of the classification system used by the intelligent techniques. 
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Abstract: Finding supplementary sources of energy is an imperative concern in the modern 

world for numerous reasons. One motive is that conventional energy sources like coal, gas, 

and oil will possibly be depleted comparatively soon. Many analysts believe a serious 

reduction will occur within several decades from now. Solar energy, hydrogen fuel energy, 

wind energy, and other alternatives are not only renewable, but also more environmentally 

friendly. Power obtained from wind and the sun is finding increasing acceptance across the 

world. Solar energy can be transformed into electricity or utilized directly for heating. 

Devices that transform solar power directly into electricity are collectively called 

photovoltaic devices, often abbreviated as PV, or known as solar cells. Among the 

candidates, thin-film solar cells are notable for using inexpensive, abundant and nontoxic 

materials. The third generation dye-based solar cell is a promising type of solar device which 

offers a high-efficiency and low-cost solution for electricity generation. This review paper 

addresses the material properties, fabrication methods and current research challenges in 

creating high-efficiency and low-cost dye-sensitized solar cells. Dye-sensitized solar cells can 

lead to the production of nontoxic thin-film solar cells with high absorption coefficients. The 

dye-sensitized solar cell is one of the most promising thin-film photovoltaic (PV) materials 

because of its high power-conversion efficiency (in the range of 15%) as well as its low-cost 

manufacturability and a low concern over environmental effects. These highly efficient cells 

are expected to replace the expensive silicon first-generation solar cells, because of their low 

cost and benign chemical fabrication process, but more research is required to improve their 

stability and efficiency. 

___________________________________________________________________________ 

 

1. Introduction 

 

The maximum efficiency of conversion of solar light into electricity has been demonstrated 

in solar cells prepared from single-crystal semiconductor wafers. Thin-film solar cells, 

although somewhat lagging in efficiency, have multifarious advantages compared to their 

crystalline counterparts. One benefit is a lower cost of manufacture compared to single-

crystal applications, which demand high energy utilization. An additional advantage is the 

capability to deposit thin films onto large areas. There is an extensive variety of thin-film 

deposition methods that gives enormous flexibility to a manufacturer. The perfect fabricating 

scenario would be to have a sequential deposition of all layers onto a cell in-line. Thin-film 

solar cells whose whole thickness is 5 to 10 μm can be deposited onto flexible substrates, 

e.g., plastic films or metal foils. This reduced thickness plays a major role when the total 

weight of solar panels is critical, as for instance in space applications. Solar cells are 

essentially large-area PN junctions. They are created by combining a p-type semiconductor 

and an n-type semiconductor to form a junction. Doping of the p-type and n-type 

mailto:martin.blundell@ubd.edu.bn
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semiconductors creates a potential barrier to the majority charge flow between the regions. 

This causes the concentration of electrons to be larger on the n-side than on the p-side, with 

the same condition applying to the hole concentrations. This results in a depletion region 

when the field is in equilibrium, so that the flow of electrons and holes ceases when the 

chemical forces of diffusion are exactly balanced by the electrostatic forces of the created 

electric field. This concentration gradient provides the electronic asymmetry necessary for 

photovoltaic action. When light falls on a piece of solar cell, photons of different 

wavelengths hit the semiconductor surface. Only a fraction of the photons are converted into 

electrical energy. This is because only photons with energy equal to or greater than the 

energy band gap of the semiconductor are absorbed. Photon absorption leads to the 

generation of electron-hole pairs. The majority-carrier concentrations (the total number of 

electrons in an n-type semiconductor or the total number of holes in a p-type semiconductor) 

are unaffected by contributions from the additional photons because the concentrations that 

the electron-hole pairs (EHPs) generate are insignificant compared to the majority-carrier 

concentrations. However, the minority-carrier concentrations (the total number of electrons in 

a p-type semiconductor or the total number of holes in an n-type semiconductor) are affected 

significantly and will experience an increase. This change upsets the equilibrium condition 

between the diffusion force and electrostatic force. Electrons originating from the p-region 

eventually diffuse into the depletion region, where the potential energy barrier at the junction 

is lowered, allowing current to flow and establishing a voltage at the external terminals. 

Holes created in the n-doped region travel in the direction opposite to the p-doped side. Solar 

cells work on the basis of being able to produce this movement of charges. The movement of 

charges in the above manner results in the production of a current. Most of the common 

absorber and buffer materials for thin-film solar cells such as CdTe, CuIn1−xGaxSe2 (CIGS), 

amorphous silicon (a-Si), CdS, InxSy and ZnS have direct band gaps, unlike crystalline 

silicon. The resultant high absorption coefficients in these materials need significantly thinner 

layers for the absorption of all the incident photons, for example compared to the indirect gap 

crystalline Si. This is a clear advantage as it minimizes material consumption during 

manufacture. In the case of the buffer layer, a thinner layer helps to pass all the photons on to 

the absorber layer. Very high PV qualities can be achieved in the film materials. However, 

discussion is still continuing on the role of the grain boundaries (GBs) present in InxSy/CIGS 

and InxSy/CdTe thin films. Several researchers believe that the absorber GB’s are benign, 

because potential barriers that repel holes are formed at the GBs and prevent recombination, 

making GBs ‘channels’ for uninterrupted current flow (Persson and Zunger, 2003). 

Experimental evidence in support of this theory has been provided by the detection of 

increased electric currents along the GBs, in comparison to the grain bulk (Fisher et al., 

2004). Other researchers (Werner et al., 2004) have suggested that fluctuations in the 

semiconductor characteristics, such as the semiconductor band gap, at the GBs and 

elsewhere, would result in a reduced overall performance of thin-film solar cells compared to 

the crystalline ones. Another important aspect of the thin-film materials used in PV is the 

potential existence of a relatively high density of defects. The existence of different types of 

defects in similar semiconductors makes it a challenge to classify and separate the influences 

of each defect category on the performance. 

The capacity of illuminated organic dyes to generate electricity at oxide electrodes was 

discovered in the late 1960s (Gerischer et al., 1968). The phenomenon was further studied 

with chlorophyll extracted from spinach at the University of Berkeley (Tributsch and Calvin, 

1971) in an attempt to understand and imitate the primary processes in photosynthesis. 

Instability was identified as the main drawback of the dye-sensitized solar cell (DSSC). The 

efficiency of DSSCs can be improved by optimizing the porosity of the electrodes prepared 

http://publish.aps.org/search/field/author/Zunger_Alex
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from fine oxide powder (Matsumura, et al., 1980). The Grätzel cell, which is also known as a 

modern cell, consists of a porous layer of titanium dioxide nanoparticles, covered with a 

molecular dye that absorbs sunlight to produce electron-hole pairs (Figure 1). 

 

Figure 1 Conventional structure of a DSSC (Peng Wang, 2009) 

 
 

Referring to Figure 2, sunlight passes through the transparent electrode into the dye layer 

where it can excite electrons, which then flow into the titanium dioxide. The photon-

generated electrons move to the transparent electrode and are collected through the external 

circuit.  

 

Figure 2 Operational structure of a DSSC (Longo, 2003) 

 
Electrons are re-introduced into the cell through a metal electrode on the back after 

flowing through the external circuit. The electrolyte carries the electrons to the dye 

molecules. The dye-sensitized solar cell operates as an alternative to p–n junction 

photovoltaic devices. It has two functions: light absorption and charge carrier transport. 

Charge separation occurs at the junction due to the injection of photo-generated electrons 

from the dye into the conduction band of the semiconductor. Photo-generated carriers will 

move to the charge collector through the conduction band of the solid. The main advantage of 

a DSSC is the lower material and thermal energy usage during the fabrication process. In-line 

fabrication of DSSCs is possible. The original state of the dye is subsequently restored by 

electrons contributed by the electrolyte (an organic solvent containing a redox system, such 

as iodine or triiodine). The generated voltage is attributed to the variation between the Fermi 

http://en.wikipedia.org/wiki/Titanium_dioxide
http://en.wikipedia.org/wiki/Nanoparticle
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level of the electron in the semiconductor and the redox potential of the electrolyte. 

 
2. Material Properties 

 

Figure 3 depicts the major layers of a single-junction dye-sensitized solar cell. The dye-

sensitized solar cell consists of a transparent conducting electrode, counter conducting 

electrodes, a nano-structured wide bandgap semiconductor, dye molecules (sensitizer), and an 

electrolyte. A thin conductive layer, as well as a transparent layer such as fluorine-doped tin 

dioxide (SnO2), covers the transparent conducting electrode and counter-electrode. 

 

Figure 3 Single-junction dye-sensitized solar cell (Jasim, 2011) 

 
 

2.1 Transparent substrate for electrodes  

Clear glass substrates are usually used, due to their elevated optical transparency in the 

visible and near infrared regions, as well as their accessibility and cost effectiveness. The 

conductive films exhibit a low electrical resistance of 10-20 Ω per square cm at room 

temperature. The transparency level of the transparent conducting oxide (TCO) does not 

cross 100% over the entire visible and near infrared (NIR) region, due to the deposition of the 

nano-structured material. The nano-structured material reduces the transparency of the 

electrode (Jasim, 2011).  

 

2.2 Nano-structured photoelectrode 

The use of wide-band-gap TiO2 or ZnO2 photoelectrodes results in high chemical stability, 

because of their resistance to photo-corrosion. By increasing the surface area of the 

photoelectrodes two factors will be improved, namely light-harvesting efficiency (LHE) and 

energy conversion efficiency. It has been found that high photovoltaic efficiency cannot be 

attained with the use of a wide-band-gap semiconductor oxide surface, which has a very high 

surface area. Therefore, Grätzel and his coworkers replaced the bulky layer of titanium 

dioxide (TiO2) with a nanoporous TiO2 layer as a photoelectrode. Also, they have fabricated 

efficient solar cells that can absorb a wide range of the visible and near infrared portion of the 

solar spectrum, with outstanding photovoltaic cell performance (Smestad and Grätzel, 1998). 

The simple diffusion of redox mediators within the layer to react with surface-bound 

sensitizers is one of the major advantages of the nanostructured TiO2 layer (porosity >50%). 
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2.3 Photosensitizer 

The dye molecules need to absorb incident photons efficiently, convert the photons into 

electron-hole pairs, and separate and collect carriers at the interface. The dye’s molecular 

structure can be manipulated to increase the degree of absorption of photons in the functional 

wavelength range or extend it up to the near infrared (N-IR) region. A wide-band-gap nano-

structured photoelectrode can be sensitized by dye molecules with a better molecular 

structure. Polypyridyl compounds of Ru(II) have been investigated extensively (Jasim, 2011) 

for suitability as dye molecules. In a dye-sentisized solar cell the diminution of the oxidized 

dye (Ru
3+

) by I¯ is considerably faster compared to the direct recombination reaction 

between the injected electrons and Ru
3+

. In recent years, significant developments have been 

to prepare novel dye structures to improve the performance of the solar cell. Specifically, 

amphiphilic homologues of the pioneering ruthenium based N-3 dye have been developed 

(Figure 4). These types of dye exhibit a number of advantages over the N-3 dye, as they are a 

higher ground state pKa of the binding moiety and increase electrostatic binding onto the 

TiO2 surface at lower pH values, decrease the charge on the dye attenuating the electrostatic 

repulsion, and enhance the stability to water-induced dye desorption. The oxidation potential 

for these dyes improves the reversibility of the ruthenium III/II couple which helps to 

enhance the stability (Desilvestro and Hebting, 2010). 

 

Figure 4 Structure of the ruthenium based dyes (Dyesol, 2010) 

 
 

The Grätzel group has developed N3 and N719 dyes (Figure 4) which have an 

outstanding capacity to absorb light. The red dye or N3 dye is capable of absorbing photons 

with wavelengths ranging from 400 nm to 900 nm, because of the metal to ligand charge 

transfer transition.  

 

2.4 Redox electrolyte 

An electrolyte containing I
-
/I

3-
 redox ions regenerates the oxidized molecules and mediates 

electrons between the nano-structured electrode and the counter electrode. NaI, LiI and R4NI 

are examples of the iodide mixtures used to prepare the electrolytes. Ion conductivity in the 

electrolyte, controlled by the thickness of the solvent, greatly affects the cell performance. 
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Moreover, counter cations of iodides such as Na
+
, Li

+
, and R4N

+
 also affect the cell 

performance through the adsorption on the nano-structured electrode (TiO2) or ion 

conductivity. The cell performance can be enhanced by adding tert-butylpyridine to the 

redoxing electrolyte (Jasim, 2011). Voc and Isc improve the Eosin Y-based DSSC by changing 

the redox couple from I
-
/I3

-
 to Br

-
/Br3

-
 (Jasim, 2011). 

 

2.5 Advantages of using graphene in the working electrode/counter electrode 

Graphene nanosheets, monolayers of carbon atoms, are of great importance for future 

applications because of their astonishing electronic, optical, thermal, and mechanical 

properties. Graphene-based materials have a strong potential for practical applications in 

various fields such as nanoelectronics, polymer composites, supercapacitors, biosensors, and 

batteries (Xu et al., 2012). They have good conductivity, high electron mobility, superior 

chemical stability and large surface-to-volume ratios. Graphene can be incorporated as 

transparent electrodes or sensitizers for dye-sensitized solar cells, as acceptors for 

graphene/quantum dots heterostructure solar cells, and as transparent electrodes or acceptors 

for organic solar cells (Figure 5) (Zhu et al., 2011). The conversion efficiency has been 

improved from 4.89% to 5.26%, resulting from the decreased back-transport reaction of 

electrons due to the introduction of a graphene–TiO2 interfacial layer. Using graphene as 2-D 

bridges in the TiO2 electrodes in DSSCs increases the conversion efficiency by 39%, because 

of faster electron transport, lower recombination and higher light scattering (Fang et al., 

2012). A power conversion efficiency of 4.28% has been achieved for a DSSC with 0.5% 

graphene. A large improvement in efficiency up to 1.44% has been achieved for a cell 

incorporating 0.8 wt.% graphene in a TiO2 photoanode, compared to 0.92% without graphene 

(Battumur et al., 2012). 

 

Figure 5 Incorporated graphene in DSSC 

 
 

Graphene is composed of sp
2
 hybridized carbons and its basic structure is a stable 

hexatomic honeycomb with a theoretical thickness of only 0.34 nm. In addition, it has some 

exceptional properties such as a high specific surface area (about 2630 m
2
/g for a single 

layer) and high conductivity (about 10,000 cm
2 

V
−1

s
−1

 for charge mobility at room 

temperature). Moreover, it has a single-atom-thick layer structure, and is inert against oxygen 

and water vapour reactions (Hun et al., 2011). 

 

3. Physical Factors Affecting the Performance 

 

There are some significant factors which can play an important role in degrading the 

performance of a DSSC, such as the chemical composition of the dye, accurate 
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HOMO/LUMO matching with other layers, the effective electronic coupling between the dye 

and titania surfaces, the surface pH, and the titania particle sizes (Desilvestro, 2008). 

 

3.1 Influence of temperature  

Figure 6 shows I-V curves for a typical commercial DSSC design at temperatures varying 

from -10ºC to 70°C. The maximum power point voltage of the DSSCs does not change when 

the open circuit voltage decreases linearly by ~2 mV/decade and starts decreasing weakly 

above 45°C. The fill factors of the DSSCs increase with temperature and only start to level 

off and then decrease over 50-60°C. From Table 1 it is evident that, with increasing 

temperature, the maximum power (Pmpp) of the DSSCs is better than the maximum power 

(Pmpp) of the silicon solar cells (Desilvestro, 2008). 

 

Figure 6 IV curves of metal-based flexible DSC from -10°C to 70°C at 1 sun illumination  

 
 

Table 1 A comparison between the DSSCs and Si solar cells for two temperature ranges 

 

Temperature Maximum power (Pmpp) 

for DSSC 

Maximum power (Pmpp) 

for c-Si 

From 20
o
C to 50

o
C 5% 19.5% 

 From 20
o
C to 70

o
C 15% 32.5% 

 

3.2 Influence of electrolyte conductivity  

The layer thickness of the electrolyte needs to be optimized, as the series resistance depends 

on it. A conductivity of 0.01 S/cm has been identified for an electrode-to-electrode distance 

of 40 μm with Re ≈ 0.4 Ohm/cm
2
. It induces a voltage drop of 7 mV only at a photocurrent of 

18 mA/cm
2
 (Desilvestro, 2008). 

 

3.3 Influence of substrate conductivity, cell width and cell contacts  

The substrate sheet conductivity needs to remain high for optimal electron transport, as lower 

conductivity may decrease the carrier transportation rate. Also, a high resistivity of the cell 

contact will decrease the cell efficiency (Desilvestro, 2008). 
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3.4 Influence of iodine concentration  

The influence of the iodine (I
3-

) concentration on DSSC I-V curves is a very complex one, as 

the photocurrent falls off with increasing concentrations. So the concentration needs to be 

optimized, as a low I
3-

 concentration can lead to mass transport limitations, and an increasing 

I
3-

 concentration leads to a lower open circuit voltage (Voc) because of the enhanced parasitic 

electron back transfer reaction from the TiO2 conduction band (CB) electrons (Desilvestro, 

2008). 

 

3.5 Titania layer thickness  

Optimization of the titania layer thickness is extremely vital for DSSCs, as inadequate TiO2 

might not absorb sufficient dye, preventing the cell from absorbing sufficient light and 

resulting in low photocurrents. A thick TiO2 layer increases the length of the electron 

pathways, which decreases the fill factor (ff), Voc and sometimes the short circuit current (Isc). 

The measured optimal thickness is 6 μm of TiO2 film (Desilvestro, 2008). 

 

3.6 Additional physical factors influencing the I-V characteristics  

Additional factors which influence the I-V characteristics of the DSSCs include good 

electrical contacts to soften the high resistivity of the interface, the lighting conditions used 

for testing purposes, and the cell masking condition, which enhances the fill factor by 

decreasing resistive losses for high-efficiency dye-sensitized solar cells (Desilvestro, 2008). 

 

4. Photovoltaic Performance Stability 

 

A photovoltaic device should be functional for 20 years without notable loss of electrical 

performance. The N3 dye is able to provide electrical output in air even up to 280
o
C, at which 

point decarboxylation begins. Moreover, it can sustain up to 10
8
 redox cycles without 

significant loss of performance. This is due to the quick deactivation of its agitated state 

through charge boosting into the TiO2 within a femto-second time range.  

 

5. Conclusions 

 

The dye-sensitized nanocrystalline electrochemical photovoltaic system has become a 

validated and credible competitor to solid-state junction devices for the conversion of solar 

energy into electricity. Recent developments in the area of sensitizers for these devices have 

led to the discovery of dyes which absorb across the visible spectrum, leading to higher 

efficiencies. The recent development of an all solid-state heterojunction dye-senstized solar 

cell holds additional potential for further cost reductions and simplification of the 

manufacturing process for DSSCs. 

 

References 

 

Battumur, T., Mujawar, S. H., Truong, Q.T., Ambade, S.B., Lee, D.S., Lee, W., Han, S. and 

Lee, S. 2012. Graphene/carbon nanotubes composites as a counter electrode for dye-

sensitized solar cells. Current Applied Physics 12(supp 1): e49–e53. 

 

Desilvestro, H. 2008. What Physical Factors Affect Current-Voltage Characteristics of Dye 

Solar Cells? Dyesol Technical DSC Resource Library (www.dyesol.com/about-

dsc/dsc-resource-library) 

 



 35 

Desilvestro, H. and Hebting, Y. 2010. Ruthenium-based dyes for Dye Solar Cells. Dyesol 

Technical DSC Resource Library (www.dyesol.com/about-dsc/dsc-resource-library) 

 

Fang, X., Li, M., Guo, K., Zhu, Y., Hu, Z., Liu, X., Chen, B. and Zhao, X. 2012. Improved 

properties of dye-sensitized solar cells by incorporation of graphene into the 

photoelectrodes. Electrochimica Acta 65: 174–178. 

 

Fisher, V.I., Cohen, R.S., Ruzin, A. and Cahen, D. 2004. How Polycrystalline Devices Can 

Outperform Single-Crystal Ones: Thin Film CdTe/CdS Solar Cells, Journal of 

Advanced Materials 16(11):879–883. 

 

Gerischer, H., Michel-Beyerle, M., Rebentrost, E. and Tributsch, H. 1968. Sensitization of 

Charge-Injection into Semiconductors with Large Band Gap. Electrochimica 

Acta 13(6): 1509–1515. 

 

Hun, H.S., Choi, H.S. and Ju, H. 2011. Thickness-dependent solar power conversion 

efficiencies of catalytic graphene oxide films in dye-sensitized solar cells. Current 

Applied Physics 11: 352–355. 

 

Jasim, K.E. 2011. Dye Sensitized Solar Cells - Working Principles, Challenges and 

Opportunities. Intechopen (cdn.intechweb.org/pdfs/23333.pdf) 

 

Longo, C. and Paoli, M.D. 2003. Dye-sensitized solar cells: a successful combination of 

materials. J. Braz. Chem. Soc. 14(6) São Paulo Nov./Dec. 2003. 

 

Matsumura, M., Matsudaira, S., Tsubomura, H., Takata, M. and Yanagida, H. 1980. Dye 

Sensitization and Surface Structures of Semiconductor Electrodes. Ind. Eng. Chem. 

Prod. Res. Dev. 19(3): 415–421. 

 

Persson, C. and Zunger , A. 2003. Anomalous Grain Boundary Physics in 

Polycrystalline CuInSe2: The Existence of a Hole Barrier. Phys. Rev. Lett. 91, 

266401. 

 

Smestad, G.P. and Grätzel, M. 1998. Demonstrating Electron Transfer and Nanotechnology: 

A Natural Dye-Sensitized Nanocrystalline Energy Converter. Solar Energy 

Materials and Solar Cells. Journal of Chemical Education 75(6), 752. 

 

Tributsch, H. and Calvin, M. 1971. Electrochemistry of Excited Molecules: 

Photoelectrochemical Reactions of Chlorophylls. Photochem. Photobiol. 14(14): 

95–112. 

 

Wang, P. 2009. Highly efficient dye-sensitized solar cells can be made without using toxic or 

volatile compounds. NPG Asia Materials doi:10.1038/asiamat.2009.81. 

 

Werner, H.J., Mattheis J. and Rau, U. 2004. Efficiency Limitations of Polycrystalline Thin 

Film Solar Cells: Case of Cu(In,Ga)Se2. Journal of Thin Solid Films 16(14):879–

883. 

 

http://publish.aps.org/search/field/author/Persson_Clas
http://publish.aps.org/search/field/author/Zunger_Alex
http://escholarship.org/uc/item/2nq0v839
http://escholarship.org/uc/item/2nq0v839


 36 

Xu, C., Li, J., Wang, X., Wang, J., Wan, L., Li, Y., Zhang, M., Shang, X. and Yang, Y.  

2012. Synthesis of hemin functionalized graphene and its application as a counter 

electrode in dye-sensitized solar cells. Materials Chemistry and Physics 132: 858– 

864. 

 

Zhu, G., Xu, T., Lv, T., Pan, L., Zhao, Q. and Sun, Z. 2011. Graphene-incorporated 

nanocrystalline TiO2 films for CdS quantum dot-sensitized solar cells. Journal of 

Electroanalytical Chemistry 650: 248–251. 



 37 

EFFECTS OF VEGETATION TYPES ON DENITRIFICATION RATES IN 

AQUATIC SYSTEMS UNDER THE SAME NUTRIENT LOAD 

 

Abdul. A .J. Mohamed*
1
, Annelies Veraart

1
 and Jeroen de Klein

2
 

 
1
State University of Zanzibar, School of Education, Arts and Science, P.O.Box 147, 

Zanzibar, Tanzania 
1,2

 Wageningen University, Wageningen, The Netherlands 

 

*Corresponding Author: jumabdull@yahoo.com 

___________________________________________________________________________ 

Abstract: This study aimed at investigating the effect of two aquatic plant species (Elodea 

nuttallii and Lemna) on the rate of denitrification under the same nutrient load in the 

Netherlands aquatic systems.  The Netherlands is well known for its nitrogen problems, it has 

the highest reactive nitrogen (Nr) emission densities in the world. A denitrification 

experiment was conducted in an acclimatized room (Laboratory) using microcosms. The 

experiment was conducted to find out which one, between two plant species Elodea nuttallii 

and Lemna has the highest rate of denitrification in dark and light environments under the 

same nutrient level. The 
15

N addition method using an Isotope Ratio Mass Spectrometer 

(IRMS) was used to measure the rate of denitrification. In this denitrification experiment the 

total denitrification rate was found to be higher in the treatment that contained Lemna sp as 

compared to that of Elodea nuttallii. In dark conditions the rate of denitrification was found 

to be 2.18 μmolN/m
2
/h for Lemna and 0.89 μmolN/m

2
/h for Elodea nuttallii at a water 

temperature of 20
o
C. The results demonstrated that Lemna has a greater effect on the rate of 

denitrification compared to Elodea nuttallii at 20
o
C. At 24

o
C Elodea nuttallii demonstrated 

higher rates of denitrification than Lemna at 20
o
C. 

___________________________________________________________________________ 

 

1. Introduction 

 

Enormous anthropogenic supplies of nutrients in the aquatic environment have great effects 

on water and air quality. In the Netherlands, the increase in the agricultural industry was 

facilitated by the cheap availability of nitrogen fertilizer (Galloway, 1995; Vitousek et al. 

1997). The country is also known for its nitrogen problems in different ecosystems, such as in 

terrestrial ecosystems (van Breemen et al., 1982; Heij and Erisman, 1997; Erisman et al., 

1998), in aquatic ecosystems (Roelofs et al., 1996), ground water (Oenema et al. 1998) and in 

marine ecosystems (Skogen et al., 2004). Denitrification, the conversion of nitrate to 

nitrogen, helps to permanently remove nitrate from aquatic systems (Seitzinger et al. 2006). 

Denitrification is a process which produces nitrogen gas from chemically fixed nitrogen. 

It is carried out by many heterotrophic, generally facultative anaerobic bacteria. They utilize 

nitrate or nitrite as the terminal electron acceptor during the oxidation of organic matter to 

produce  N2, NO, or N2O (Payne,1973; Hill 1979; Howard-Williams 1985; Seitzinger 1988; 

Johnston 1991; Sjodin et al. 1997; Mitsch et al. 2001; Vymazal 2001). 

 

2223 NONNONONO 


      (i) 

 OHCONHCHNO ngbacteriadenitrifyi

22223 7524054   
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Bacteria capable of denitrification are ubiquitous, and thus denitrification occurs widely 

throughout terrestrial, fresh water and marine systems. Combined conditions of low oxygen 

concentrations, sufficient organic matter (CH2O) and nitrate or nitrite availability favor the 

occurance of denitrification (Seitzinger, 2006; Needelman et al 2007; Smolders et al. 2006). 

Denitrification is important to primary production, water quality, and to the chemistry and 

physics of the atmosphere. The importance of denitrification can be seen at different scales 

including ecosystem, landscape, regional and global scales (Galloway et. al 2003).  

Elodea nuttallii and Lemna are well known plant species. The first species is a water 

submerged plant, and the second species is a floating macrophyte. Elodea nuttallii and Lemna 

are among aquatic vegetation species mostly found in Netherlands fresh water bodies, and 

their presence in these water bodies enhances the process of denitrification at different rates. 

There are both negative and positive effects of macrophytes on denitrification (Pina-Ochoa 

and Alvarez-Cobelas 2006).  However, the effect of the type of vegetation – floating or 

submerged – on denitrification is still unclear. Thus there is a growing interest in the study of 

the effect of submerged or floating vegetation on denitrification (Janse and Van Puijenbroek 

1998; Scheffer et al 2003). 

In this study, a laboratory experiment under dark and light conditions was conducted to 

study the effect of two aquatic vegetation species (Elodea nuttallii and Lemna) on the rate of 

denitrification under the same nutrient load.  

 

1.1. Macrophytes and Algae 

Floating macrophytes such as Lemna reduce gas exchange between the water surface and the 

atmosphere. This results in very low light intensities in the water column, the oxygen 

concentration is significantly lowered as a result (Scheffer, 1998), and this stimulates the 

denitrification process.  

Macrophytes provide a large and accessible surface area for microorganisms to attach on 

to (Sculthorpe, 1967). They can cause high denitrification rates in nutrient-rich fresh water 

environments (Eriksson and Weisner 1996, 1997). The roots of macrophytes can also be a 

source of organic carbon that causes low oxygen concentration in sediments.  

Moreover, when they decompose algae and macrophytes produce significant amounts of 

organic carbon. They also stimulate and suppress denitrification during nighttime and 

daytime respectively due to the effects of oxygen consumption and production. Oxygen is 

produced via photosynthesis: 

 

Light reaction: 2H2O + light → 4H
+
 + Metabolic energy + O2   (iii) 

Dark reaction:  4H
+
 + metabolic energy + CO2 → [CH2O] + H2O   (iv) 

 

1.2 Effect of  Oxygen and pH on Denitrification 

The degree to which oxygen produced during the process of photosynthesis affects 

denitrification varies with factors such as density, respiration rates and bioturbation 

(Mermillod-Blondin et al. 2008).  The rate of denitrification has been documented to be 

affected by pH; the denitrification rate is optimal within the pH range of 7.0 - 8.0. At a pH of 

4 the rate of denitrification is significantly lower, and the denitrification process stops at pH 

11 (Knowles, 1982). That observation is in accordance with the fact that during the process of 

photosynthesis (in a light environment) carbon dioxide gas is consumed and hence the pH is 

increased (equations iii and iv). Moreover, in systems with photosynthesis a high pH 

coincides with a high oxygen concentration, inhibiting denitrification. 
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2. Materials and Methods 

 

2.1 Methods 

The experiment was conducted to determine the effect of vegetation type on the rate of 

denitrification in aquatic systems under the same nutrient load. The experiment was 

performed in both dark and light conditions. The composition of the Smart and Barko 

medium used in the experiment is described in Table 1. Elodea nuttallii and Lemna were the 

vegetation species used in this study.  

The determination of denitrification was done using the 
15

N Isotope Pairing Technique 

(IPT) (Nielsen, 1992), with Isotope Ratio Mass Spectrometry Analysis. 25 black microcosms 

with a volume of 8 liters were used, each of which was filled with 7.5 litres of Smart and 

Barko medium. The medium serves as a nutrient and micronutrient source for submerged 

macrophytes and biofilm in our experimental system (Smart and Barko, 1985; van Liere et al. 

2007).  (Table 1) 

 

Table 1 The adapted chemical composition of the Smart and Barko medium 
 

Chemical composition Formulation Tropica® 

Nutrient Concentration 

(mg/l) 

Reagent Concentration 

(mg/l) 

Parameter Concentration 

(mg/l) 

Ca 25.0 CaCl2.2H2O 91.7 K 8.200 

Mg 6.80 MgSO4.7H2O 69.0 Mg 4.0560 

Na 16.0 NaHCO3 58.4 S 10.504 

K 6.0 KHCO3 15.4 B 0.0416 

DIC 10.2 K2HPO4 5.6 Cu 0.0624 

SO4
- 26.9 NH4NO3 28.6 Fe 0.7280 

Cl- 44.2 Tropica 10000×diluted Mn 0.4160 

N 1.3   Mo 0.0208 

P 0.19   Zn 0.0208 

Micronutrients See Tropica     

 

The sludge was collected from the pond at Drijen vijver at Wageningen in the 

Netherlands and used for rooting. 500 ml of natural sediment (sludge) was introduced into 

each microcosm. The collected sludge was sieved using a 1.00 mm sieve to get rid of 

unwanted materials, and functioned as a substrate for plant rooting and the site of the 

denitrification process. 

The vegetations used were Elodea nuttallii and Lemna collected from the experimental 

sites Renkum from ditch 18B at Sinderhoeve Wageningen in the Netherlands. Elodea 

nuttallii was flushed with demineralized water to remove snails, ditch water, ditch sediments 

and other contamination. N and P were added to the medium. To stimulate eutrophic 

circumstances the N and P concentrations used were 1.30 mg/l and 0.19 mg/l respectively. 

There were four treatments each with seven replicates, except that the fourth (pilot) 

treatment had only four replicates for determining the rate of denitrification among the 

treatments. 

25 microcosms in total were kept in an acclimatized room for four weeks (Table 2). The 

vegetation, including the biofilm of stems and leaves, was acclimatized to the climate 

conditions of the room (Laboratory) and underwent further development during this period. 
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Table 2 Schematic set-up prior to sampling for denitrification 
 

Microcosms (Lemna 

at 20
o
C) 

Microcosms 

(Elodea at 20
o
C) 

Microcosms (No 

vegetation at 20
o
C) 

Microcosms 

(Elodea at 24
o
C) 

    

 

The first three compartments of the water table were kept at a temperature of 20
o
C. The 

first compartment contained 7 microcosms, each of which was completely covered with a 

layer of Lemna vegetation (microcosm numbers: 1, 2, 3, 10, 11, 12 & 22), the second 

compartment also with 7 microcosms each filled with 66g of elodea (microcosm numbers: 4, 

5, 6, 13, 14, 15 & 23), the third compartment (kept at 20
o
C) without vegetation but only 500 

ml of sludge (microcosm numbers: 7, 8, 9, 16, 17, 18 & 24) and  the last compartment (kept 

at 24
o
C) with four microcosms (19, 20, 21 & 25) each of which was filled with 66.0 g of 

Elodea nuttallii. This was the experimental compartment. Table 2 depicts the arrangements 

of all 25 microcosms prior to denitrification sampling. 

270 exetainers (12 ml Labco exetainers) were prepared for taking denitrification samples. 

Each exetainer was prefilled with 240  l of 50% w:v of zinc chloride solution to stop 

biological processes. Each exetainer was then pre-flushed with helium gas at a rate of 10 

ml/min for five minutes to prevent air contamination, after which 5 ml of helium was 

removed to provide a space for the denitrification sample (Dalsgaard et al. 2000). 

  

2.2 Water sampling for N2-analysis 

Denitrification samples were taken in both dark and light conditions using a Fortuna Optima 

5 ml glass syringe. The same glass syringe was used for spiking the nitrogen nutrient and 

glucose inside the microcosm through the septum of the sampling disc. Each microcosm was 

closed with a disc connected with a stirrer, then spiked with 5.0 ml of 
15

NO3
-
 and 5.0 ml of 

glucose at 0.5 mg/l. After 15 minutes the first denitrification samples were taken, then the 

samples were taken after every hour for three hours (t0, t1, t2 and t3). 5.0 ml of water samples 

in triplicate were taken from each microcosm. 

The samples for denitrification were sent to the United States for analysis. The method 

used for measuring the rate of denitrification was the nitrogen isotope pairing technique 

(Nielsen, 1992). 

 

3. Denitrification N2-Analysis 

 

After the results of the “denitrification” experiment were received from the Stable Isotope 

Facility in the United States, the denitrification rates of 
14

NO3
-
 and 

15
NO3

-
 were calculated. 
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The calculation of the denitrification rates from the production of 
29

N and 
30

N was done using 

the 
15

N Isotope pairing technique (Nielsen, 1992) and the NICE Protocol Handbook for 

Nitrogen Cycling in Estuaries (Dalsgaard et al., 2000). 

The data received from the Stable Isotope Facility were given in the form of total peak 

area of sample, total amount of 
28

N2 in parts per thousand and the ratios of 
29

N2:
28

N2 and 
30

N2:
28

N2 for each sample.  

Calculations to determine the total rate of denitrification among the different treatments 

were done using the formulae shown in the Appendix. 

One-way ANOVA with an LSD post hoc test were used to find out if there were 

differences in the total mean denitrification rates between the treatments. The software SPSS 

15.0 for windows was used for statistical analysis of the results.  

 

3.1 Statistical Analysis 

Analysis of the differences in the means of the total denitrification rates among the different 

treatments was done using one way ANOVA and LSD post hoc test.  

 

Table 3 Comparison of the significance levels of the mean total denitrification rates of four 

treatments under dark and light conditions at 20
o
C and 24

o
C 

 

Treatments P value 

(Dark) 

Significance 

level (dark) 

P value 

(Dark) 

Significance 

level (light) 

No vegetation vs 

elodea (20
o
C) 

0.936 Ns 0.942 Ns 

No vegetation vs 

lemna (20
o
C) 

0.809 Ns 0.831 Ns 

No vegetation vs 

Elodea (24
o
C) 

0.098 ˜ 0.089 ˜ 

Lemna vs 

elodea(20
o
C) 

0.871 Ns 0.888 Ns 

Lemna vs elodea 

(24
o
C) 

0.132 Ns 0.115 Ns 

Elodea vs 

elodea(24
o
C) 

0.108 Ns 0.097 ˜ 

 

4. Results and Discussion 
 

4.1 Results 

The results obtained from the denitrification experiment calculated using the formulae 

mentioned in the Appendix for the mean total rate of denitrification calculations are presented 

below (in Figure 1). 

 

4.2 Discussion 

The presence and type of vegetation species, the temperature, and the light levels are among 

the factors the affected the levels of denitrification in the treatments.  

In dark conditions at a water temperature of 20
o
C, the lowest mean denitrification rate 

was 0.25 μmolN/m
2
/h for the treatment with no vegetation, and the highest was 2.18 

μmolN/m
2
/h for Lemna. In light conditions, the lowest mean denitrification rate was 0.50 

μmolN/m
2
/h for the treatment with no vegetation, and the highest rate was 1.96 μmolN/m

2
/h 

for treatment with Lemna sp. at water temperature of 20
o
C. Lemna sp. performed best in dark 
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conditions which inhibited oxygen production by photosynthesis. Lemna sp as well as other 

floating macrophytes create a barrier for re-aeration (Morris and Barker 1977). 

 

Figure 1 Mean total denitrification rates for the four treatments. 

 
 

By comparison, at 24
o
C the mean denitrification rate for the Elodea nuttallii treatment 

(controlled treatment) in the dark conditions was 16.30 μmolN/m
2
/h, and in light conditions 

the mean rate of denitrification was 14.81 μmolN/m
2
/h. This difference might be due to the  

absence of photosynthesis in the dark environment and hence no oxygen production, which 

reduced the level of dissolved oxygen at the higher temperature, which in turn enhanced the 

denitrification process. 

 

5. Appendix 

 

5.1 Calculations 

The quantity of 
29

N2 in the samples was calculated using the following equations: 
29

N2
        

=   ((29:28s
 
– (29:28r)) * 

28
N2.                                           (1) 

29
N2       =   The calculated quantity of 

29
N2 (µmol per sample) 

29:28s =   The 
29

N2:
 28

N2 ratio in the sample 

29:28r =   The 
29

N2:
 28

N2  in the reference gas 
28

N2      =   The calculated quantity of 
28

N2 (µmol per sample) 

 

The quantity of 
30

N2 in the sample was calculated using equation (2). 

 
30

N2    =   (( 30:28s) –(30:28r)) * 
28

N2.                                        (2) 
30

N2    =    The calculated quantity of 
30

N2 (µmol per sample)  

30:28s   =  The 
30

N2:
28

N2 ratio in the sample 

30:28r   =  The 
30

N2:
28

N2 ratio in the reference gas  
28

N2       =  The calculated quantity of 
28

N2 (µmol per sample) 
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Calculation of  
29

N2 quantity in each microcosm was done using equation (3). 
29

N2 microcosm   =  
29

N2 sample * Vmicrocosm /Vsample                      (3) 
29

N2 microcosm   =  The amount of 
29

N2 (µmol per sample) 

Vmicrocosm       =  The volume of sample in one microcosm in m
3
    (Volume was 

3 3
7.5 10 m


 ) 

Vsample  =     The volume of one water sample in m
3 

    (Volume was 
6 3

5 10 m


 ) 

 

Similar calculations using were done to quantify the amount of 
30

N2 in each microcosm. 

 

The quantity of 
29

N2 per square meter was calculated using equation (4), as shown below: 
29

N2 per m 
2

 =  
29

N2microcosm/Asediment microcosm                          (4) 
29

N2 per m
2
  =  The quantity of 

29
N2 per area  (µmol/m

2
) 

A sediment microcosm =  The area of sediment in a microcosm (m
2
) 

 

Similar calculations were done to quantify the amount of  
30

N2 per m
2
. 

 

The amount of 
29

N2 gas and 
30

N2 gas produced per hour was calculated by plotting the 

amount of  
29

N2 gas and 
30

N2 per square meter against time interval (t) from which the 

denitrification samples were taken. The slope of the graph gave the estimation of the N2 gas 

in µmol/m
2
/h. 

 

The calculation for 
28

N2 production was done using equation (5). 
28

N2 prod.   =  (
29

N2 prod.)
 2

/(4 * 
30

N2 prod.)                             (5) 
28

N2 prod.  =  The amount of  
28

N2 produced in µmol/m
2
/h. 

29
N2 prod.   = The amount of  

29
N2 produced in µmol/m

2
/h. 

30
N2 prod.   = The amount of 

30
N2 produced in µmol/m

2
/h. 

 

The total denitrification rate (µmolN/m
2
/h) was calculated using equation (6). 

Total denitrification rate    =    (
28

N2 prod. + 
29

N2 prod. + 
30

N2 prod.)*2             (6) 
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