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Abstract

In this article we aim to combine video data analysis techniques, scal-
able machine learning, and Shape memory polymers (SMPs) materials
to develop a model-based architecture for the advancement of rapid
characterization of a novel material. Although artificially intelligent
machines, e.g. soft robotics systems, with high flexibility have con-
quered the production line and other controlled, predictable environ-
ments, their use in complex real-world scenarios has to date remained
limited. Newly discovered and experimented SMPs are increasingly be-
ing used for application solutions in automotive, aerospace, construc-
tion and commercial field. But being a nascent field there is little
knowledge on the shape recovery behaviour of laminates with a SMP
film and there are only methods reported in literature for quantifying
the material behaviour. Through various experimental data gathering
and predictive modelling it was established that proposed methodol-
ogy can rapidly characterize novel materials. The proposed modelling
workflow showed accuracy of 90sensitivity and 94of SMP body, show-
casing high potential for data driven rapid characterisation of shape
memory materials.

1 Problem Space

In spite of recent advances in field robots, inspecting complex confined spaces in natural, industrial or areas
in natural disasters remains a challenge. Additionally, current robots are limited in their field performance
by only being operational in a narrow spectrum of environmental conditions. To address these challenges, the
CSIRO is developing highly flexible machines that can change their body shapes and properties, to adapt to task
requirements and environmental conditions. A key scientific challenge in building such a robot is the design,
development, and manufacturing of an integrated system that incorporates sensing, actuation, power storage and
communication channels that do not restrict, rather augment the mobility of the robot [1-10]. Soft structures are
difficult to model and control, so new methods are required to properly model. There are lots of ways to actuate a
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soft material but it’s very hard to model. Without modelling, movement of a soft material could not be optimised
or controlled. A promising technique that has been proposed and developed in this study, combines computer
vision and predictive learning to characterise novel soft materials and subsequently optimise them on a material
level, as well as control deformations into coordinated goal-directed movement and locomotion Such complex
interactions and correlations are difficult to capture using either analytical modeling or conventional experimental
testing due to overlapping of multiple thermal, mechanical, and materials transformation mechanisms. In this
study, a strategy of data-driven modelling, simulation and control is implemented, including the generation of the
experimental database on the laminate actuation under electrical stimulus, the exploration of supervised machine-
learning based modelling, according to the experimental data obtained, the establishment of the predictive
model for describing dynamic behaviours of the SMA/SMP laminates, and the development of controllers for
the locomotion of the morphing robotic system [11-22].
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Figure 1: Proposed experimental set-up for capturing SMP material behavioural changes through heating of the
material

Figure 1 presents a proposed data engineering workflow for this problem space. There are two parts of the
data driven system, namely, for the purpose of model of the material and model of the behavioural changes of
the material. As in the conventional machine-learning paradigm, training and testing phases are essential for the
scalable machine learning too, where rapid prototyping of an evolving model is essential to capture behavioural
changes of a novel material [20-28].

2 Data Gathering

Through various experimental data gathering and analysis, influences of different variables that affect the recov-
ery behaviour of thermoplastic shape memory polyurethanes-based laminates including ambient temperature,
material modulus, and adhesive strength have been investigated to develop a physical model to formulate the
recovery behaviour of the material.

It has been identified that a fundamental optimisation problem that needs to be solved is to maximize the
final angle recovery ratios and recovery rates of a material to increase the overall efficiency of a targeted SMP
material. Figure 2 shows experimental set-up for capturing SMP material behavioural changes as ground truth
data for predictive modelling.
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Figure 2: Experimental set-up for capturing SMP material behavioural changes through heating of the material
using current flow

Figure 3: Snap-shots from the captured thermal video during the experimentation with SMP foil, depicting
bending of the body while heating

A SMP laminate was heated by a constant current of 5A through the body of the foil structure to initiate
bending of the SMP material. As shown in the Figure 3, SMP foil structure changed its shape due to heating
while temperature increased from 23 oC to 52 oC at the connection. In terms of data gathering, a thermal
camera and a normal digital camera were used to capture the bending SMP foil as a video file to be analyzed in
the modeling phase.

Actual temperatures were also measured and logged as a time series by a separate temperature sensor during
the experiments along with the thermal readings by a thermal camera [22-32].

3 Rapid Vision Based Modelling of The Material

SMPs are being unique and unknown as materials; property characterisation through conventional way was
difficult. Thermal imaging technology was used to capture visual recovery related footprint of the material’s
recovery phenomenon as direct and rapid mechanism. This method also helped to capture ground truth of the
desired behavioural aspects of the SMP of interests. To capture the movement of the SMP foil and quantification
of bending angles (defined by two angles, e.g. angle to pivot and angle to tip), videoprocessing techniques were



used to automatically extract key features from the captured video. A multi-scale unsupervised feature selection
algorithmic framework has been designed to extract multidimensional features from thermal videos. Consistently
4000 key features were detected from each of the video frames. Based on the detected features, positions of the
two key points along the length of the SMP body, namely, tip and bending points were detected dynamically
before bending angles were derived against a horizontal line representing the original pre-heating shape of the
SMP structure. In the Figure 4 and 5, one example has been shown to describe the overall feature extraction

angle to pivot = 37.35 deg
angle to tip = 19.89 deg
temperature = 38.57 degC
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Figure 4: Multi-scale unsupervised feature selection algorithmic framework has been designed to extract multi-
dimensional features from thermal videos

process and angle estimation dynamically. Derived angles were used to model the bending behavioural change
of the SMP foil and its associated polymer material as depicted in Figure 5.

Based on the detected feature points, a polynomial was dynamically fitted through the feature points on each
video frame, to represent training targets for the behavioural changes and bending of the SMP structure. The
blue dots in the Figure 4 and 5 were the features extracted from video frames.

It has been identified that a fundamental optimisation problem that needs to be solved is to maximize the
final angle recovery ratios and recovery rates of a material to increase the overall efficiency of a targeted SMP
material [30-38]. Hence rapid characterization of a novel material needs to be bench-marked against bending
angles for deciding effectiveness of the novel material for any suitable targeted application.

4 Architecture for Behaviour Modelling

A predictive model was developed to predict bending angle of the SMP foil while heated with a constant current
flow. Aim of this phase was to achieve a model to take current as input and predict a potential bending angle to
mimic the bending behaviour of the physically trained SMP. In the training phase of the data driven experiment,



temperature max = 43.0 degC
temperature min = 23.0 degC

Figure 5: A polynomial was dynamically fitted through the feature points on each video frame, to represent
training targets for the behavioural changes and bending of the SMP

recorded changing profile of the increasing temperature was used to formulate a thermodynamic input to SMP
foil structure, whereas measured angles from the video were used as training targets. Figure 6 showcases the
overall approach to this problem phase and its proposed solution.

Similarly, for the thermal video, vision technique-based features were used in the thermodynamic modelling of
the SMP foil. Feature points based multi-point temperature detection was applied to capture the thermodynamic
nature of the SMP while heated by a constant current. Temperature readings based on position of the extracted
feature points gave an overall distribution of thermodynamic changes along the SMP body during heating. This
was an unconventional approach to derive thermodynamics of such a material by using data driven approaches
instead of physical experiment and characterisation of a material. The rationale behind this approach was to
make the modelling of SMP as generic as possible, hence flexibility and variation of material could be unlimited.

5 Ensemble Learner Network

An ensemble is a supervised learning approach that use multiple models to improve the predictive performance
than could be obtained from any of the constituent models. Three different ensemble classification approaches,
bagging, Random Subspace and AdaBoosting were considered to improve the behavioural prediction performance
of individual classifiers.

Two different types of learners ‘Linear Discriminant’ and ‘Tree’ were used in the bagging and boosting en-
sembles of this study, whilst the ‘k-Nearest Neighbour’ learner was used with the Random Subspace ensemble.
Bootstrap aggregation, often referred to as bagging, brings a high level of model diversity, by training each model
in the ensemble using a randomly drawn subset of behaviour data. The results of each model in the ensemble
are aggregated with each model provided with equally. The minimal leaf size for the bagged trees are set to
0.9. Another important parameter is the number of predictors selected at random for every decision split. This
random selection is made for every split, and every deep tree involves many splits. AdaBoost is a common
boosting-based ensemble approach for multi class binary classification.

The algorithm trains learners sequentially. Instead of conventional weighted classification error in boosting,
AdaBoosting uses weighted pseudo-loss for N observations and K classes. Random Subspace is an ensemble
method similar to bagging, however, it randomly samples from the set of features, in addition to training set
instances, in order to construct member learners. This approach was superior in comparison to all other trained
predictors that were tested.

6 Results

The model validity is determined by comparing the model prediction of bending behaviour of the material to
the actual measured bending angle during experiments. The data sets were analyzed using five different types
of supervised predictive learner, namely the Bayesian Ridge Regression (BRR), Random Forest Network (RFN),
Probabilistic Neural Network (PNN), Radial Basis Function Network (RBFN) and Ensemble Learner Network
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Figure 6: Data driven predictive work-flow for rapid thermodynamic profiling of shape memory material’s bending
behaviour

(ELN) paradigms. Training of the neural networks was performed with 80% of the whole data set. The remaining
20% of the whole data were used for testing the neural networks. These percentages were selected arbitrarily
and were applied for all training-testing paradigms. The aim of this comparative study was to identify the
most appropriate ANN paradigm, which can be trained with the best accuracy to predict different levels of
bending angles and movement of the material. Table 1 summarizes the prediction results achieved from the
neural networks, using same training and testing data sets with 10-fold validation.

Learner | Fl-Accuracy Sensitivity Specificity
BBR 7% 88% 80%
PNN 82% 80% 85%

RBFN 79% 90% 92%
RFN 84% 85% 90%
ELN 90% 92% 94%

Table 1: Comparative accuracy analysis for bending behaviour prediction.
In the next section, some discussion on the proposed ensemble approaches have been summarized which
provided best possible overall behavioural prediction and material characterisation.

7 Reasoning of Prediction Accuracy

From Table 1, we can conclude that there are two main reasons for the superior classification performance of the
ELN technique compared to BBR, PNN, RBFN, and RFN. These reasons are:



Figure 7: Dynamic Prediction of moving polynomials to mimic the bending of SMP structure

e ELNs are able to adapt themselves to the distribution in polynomial feature space. Thus, while ELN was
able to classify most of the patterns corresponding to bending categories, BBR, PNN, RBFN, and RFN are
less able to adapt to the distribution of video analysis based key feature samples.

e ELN and RFN are able to adjust their scale of generalization to match the morphological variability of the
patterns. They were able to achieve a better performance than others in separating different states of the
bending movement of the novel material.

e In the case of the ELN algorithm, when a relatively very good solution has been found, the situation can
be further refined by modifying the boundaries where misclassification occur, and also by conducting more
experiments with the same material to develop a behavioural feature space.

8 Prediction of Behaviour

Based on the multiple point SURF feature points, dynamically a polynomial was fitted through the feature points
to represent behavioural changes and bending of the SMP foil (as shown in Figure 6 and Figure 7). On the other
hand, temperature readings of those key feature points were used as distributed thermodynamic profile across
the foil structure to be used for training a model. For this phase of modelling, a simple BRR was used. Training
input of this model was the multi-point temperature profile of the SMP foil, whereas training target was the set
of polynomials that were captured during the video analysis.

As shown in the Figure 7, ELN based model was able to predict a suitable polynomial independently, purely
based on thermodynamic variation across the foil structure exposed to constant current flow. The red line
indicates the predicted polynomial from a trained model, which could be used as an independent predictor for
a SMP foil’s behavioural changes while used in conjunction with a controller. This work could be expanded
further for refinement of such a predictive model in regards to accurate control of a SMP based foil structure for
a Soft-Robotic movement. Predicted angles were benchmarked against the ground truth measurements of angles
(to the pivot and to the tip) from thermal video. In Figure 8 shows the model prediction performance of such a
model with very high accuracy of 90% predictability, 92sensitivity and 94% specificity.

9 Model Simulation and Discussion

As the uptake of robotic technologies by industry increases, the capability-based restrictions of robotic solutions
become increasingly exposed. The main challenge is one of embodiment. If robots are complex, they will break
and require maintenance. If the robot’s body cannot adapt to its environment, control will be more complex
and will require human intervention. If the materials reach their functional limits, the robot will break. So
development based on this type of data engineering can only be justified if a system can be realised in the
real world. In light of this vision, and based on the outcome of this project so far, a movement simulator was
developed to encapsulate the data engineering-based models to mimic the movement of the SMP structure or in
other words, movement of a soft-robotic part (as in the Figure 9).

Based on the successful simulation of the SMP material behaviour, two scientific and system aspects were
confirmed. Firstly, a rapid mechanism to establish robust characterisation of a novel material using data science,
and secondly, the SMP material could be used for soft-robotics body parts, where control of the parts could be
driven by a predictive model extracted from the automated video analysis.
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Figure 8: Actual prediction of bending angles shows performance accuracy of the proposed model.
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Figure 9: Simulation of the models to mimic the material and its associated behaviours
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