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Abstract

Currently, neural-computer interfaces require expensive hardware, which is not avail-
able for most researchers, while EMG sensors are cheap, affordable, and quite ro-
bust. That makes them an attractive option for a wide class of devices, like prosthe-
ses, game devices, or exoskeletons. So reliable and accurate methods of EMG data
recognition and interpretation are required. While most of the popular methods of
EMG data analysis include only distinct gesture recognition, in this thesis we try
to implement the system, which recognizes continuous motion on the example of
arm movement and end effector (palm) pose estimation. This thesis goal is to prove
that this kind of estimation is possible by creating a system that will estimate arm
position in 3d space.
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Chapter 1

Introduction

1.1 Motivation

While neural-computer interface technology is currently not widely available for
many researchers, EMG sensors are cheap and affordable. Therefore they can be
used in a variety of solutions, from exoskeletons to game devices. So, precise anal-
ysis of data obtained from this type of sensor is necessary in various spheres. Most
of the approaches of EMG data analysis are targeted at distinguishing distinct ges-
tures, like in prosthetic arms or experimental game controllers, while this work is
describing the approach of analyzing continuous motion.

1.2 Goals

• Verify possibility of recognition of continuous movement from home-made
EMG sensors

• Use developed approach to recognize arm movement and produce accurate
position model

1.3 Structure

Chapter 2: Related works
This chapter is presenting existing EMG data recognition approaches and algorithms,
mainly gesture classifying algorithms.

Chapter 3: Background information
This chapter describes the physics behind EMG, anatomy details, and some signal
processing techniques used in this thesis

Chapter 4: System overview
This chapter contains information about system architecture used in experiments,
hardware, and software.

Chapter 5: Data overview
This chapter contains analysis and insights on data collected during experiments,
rectification, and data preprocessing approaches.

Chapter 6: Methodology
In this chapter proposed approach is described in details, small comparison of dif-
ferent approaches is provided
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Chapter 7: Experiment results
This chapter contains an analysis and summary of experiment results.

Chapter 8: Conclusion
This chapter summarizes, discusses further steps and the importance of results ob-
tained in the thesis.
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Chapter 2

Related works

The study on EMG analysis started in the early 1950s when the first machine capable
of EMG capture was developed by the team of Edward H. Lambert and was small
enough to be moved from a laboratory. First machines were not capable of record-
ing EMG data. Basically, it was an oscilloscope connected to sensors, with a Polaroid
camera that takes a photo of the screen, but from that point, EMG data analysis be-
comes possible. Up to the 1980s, all analyses were performed by hand, but since the
middle of the 1980s, EMG sensors have become small and cheap enough to become
widely used. From the 1980s to 2010s main part of the analysis has been done via
classic methods [7], [4]. For example, wavelet analysis is a technique that splits a
signal into a combination of basic wavelets, which allows further classifying them
[5]. Or analysis in the frequency domain — usage of Fourier transform and phase
correlation to find matching EMG patterns [12].

These methods are still used even in recent researches, as they are predictable
and robust. But since computational capabilities grow, more and more researchers
start using machine learning in EMG analysis. In our work, we also will focus on
deep learning approaches.

For the neural network, an important step is dataset generation. As we analyze
the continuous signal, it’s important to analyze small batches containing ordered
data obtained during some time, not the single measurements. There are two differ-
ent techniques of generating such a dataset — sliding window or disjoint windows.
Disjoint windows are a subcase of a sliding window, where an overlapping region
is 0, this type of window creates a dataset with data, which is not partially repeating
itself, but can lose some information, which can be crucial for the neural network
training, so often sliding window approach is used. Size of sliding window is cho-
sen, to provide as small as possible latency, with still high accuracy, typical is 200
window with a shift of 5 up to 100, what gives us delay less than 300, what is accept-
able for continuous movement analysis [19].

There are few main techniques used to analyze surface EMG data.

2.1 Artificial neural networks

There are two ways of passing data to neural network - feeding raw signal or using
engineered features, which is more robust, providing more precise results. In most
of the existing works, engineered features are used in combination with raw signal
because it prevents losing any bit of data.

2.1.1 Feature engineering

There are few types of known features that can be engineered for biological signals.
For example, Hjorth parameters, which are generally used in EEG signal processing
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[16], But can be successfully used for the classification of other biomedical signals,
like EMG [20].
Other features are connected with classic signal processing techniques, like discrete
wavelet transform or discrete Fourier transform [1].

2.1.2 Neural network

For this type of neural network, the multi-layer perceptron is often used, with dif-
ferent layers configuration [11], which are tuned to work best with provided data.

2.2 Convolution neural network

In this type of network, often 2D data is processed. For example, we can use signal
spectrogram, which is signals 2d feature [19], [6].

2.2.1 Feature engineering

Besides the spectrogram, principal component analysis can be used to find the most
meaningful features, which will be fed to the neural network to increase stability and
speed up the neural network [19]. But often, the raw signal spectrogram is used, as
nowadays computers are capable of processing a large amount of 2d data.

2.3 Recurrent neural network

This type of network is known to produce good results, for time-series data, because
of its internal feedback loops. So it’s obvious to use it for EMG [8]. Moreover, for
continuous motion recognition, it’s possible to have arm pose (set of joint angles) as
an output of the neural network, due to its memory of previous states, instead of
velocity (pose change over time) in the case of two previous types of NN.
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Chapter 3

Background information

3.1 How EMG sensor works

Electromyography signals — signals obtained from muscle contractions. During
contraction, our muscles generate small potential differences, which can be regis-
tered using specific sensors. Generally, there are two types of EMG — surface and
invasive. In invasive electromyography, small electrodes are inserted into the mus-
cle, which allows us to detect the contraction of single muscle fibers. In contrast, in
the case of surface electromyography, electrodes are placed on the skin above the
muscle and detect the contraction of a big amount of fibers on some areas[17]. Of
course, invasive electromyography gives us more precise information about muscle
contraction because we are not dealing with skin resistance, have less noise because
the electrode is in direct contact with the muscle fiber. Still, it is significantly harder
to perform this type of EMG outside of a lab. Therefore more often, surface EMG is
used even if it is not so precise. But sometimes, this issue can become a feature, as we
get total muscle contraction information of the muscle instead of single fibers. In the
following subsection, we will look at the anatomy and physics of muscle contraction.

3.1.1 Details of anatomy

Every muscle consists of small fibers capable of contraction and relaxation, the com-
bined effort of all fibers creates a force of our muscles. Mainly EMG is used with
skeletal muscles (like biceps or triceps). Contraction of this type of muscle is initi-
ated by impulses in the neurons and is usually consciously controlled [9].

Big amount of special type neurons is involved in controlling skeletal muscles.
This type of neuron is called "motor neuron," It is usually not in direct contact with
muscle tissue but is close to it, stimulating not one but many fibers. This group of
neurons and muscle fibers is called a motor unit. Overall our body is electrically neu-
tral, but every neural cell membrane is polarized, so there is a difference in charge
between the insides and outsides of the cell. When a neuron stimulates muscle fiber,
it depolarizes as the signal goes along it. Depolarization of one fiber, causes depolar-
ization of all fibers in neighbourhood, what generates small electric field near each
muscle fiber, [9], which can be detected by EMG sensors. Bigger contraction - means
bigger number of cells depolarized, what results in stronger feedback on EMG

3.2 Muscles involved in arm movement

As surface EMG works best, when sensor electrodes are placed on top of the mus-
cle, we need to know which muscles are involved in hand movement. Basically
kinematic model of the human arm looks like the following and has 7 degrees of
freedom: 20 different muscles of different sizes actuate an overall arm [10]. But we
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FIGURE 3.1: Motor unit diagram
(Image drawn by BYU-I student Nate Shoemaker, Spring 2016)

will be interested only in the biggest of them. For the 1 experiment described in
Chapter 6, we only interested in muscles that actuate elbow joint (Q4 DOF of the
arm at Fig. 3.2). They are biceps brahii - triceps brahii, shown at Fig. 3.3.

In experiment 2, we interested in the shoulder and elbow joints (Q1, Q2, Q3), so
there is also no need to place sensors on each of all 20 muscles because we can dis-
tinguish between different muscles in the same group, based on data from sensors,
in detail, this is described in Chapter 5. So we choose the following pair of muscles
and corresponding joints:

• Pectoralis majoris - Deltoid - muscles main actuators of the shoulder joint (Q2
DOF of the arm at Fig. 3.2),

• Pectoralis majoris - Latissimus dorsi - muscles main actuators, used in mov-
ing elbow front and back (like uppercut punch or elbowing someone behind
you) shoulder joint (Q1 and Q2 DOF of arm at Fig. 3.2)

• Trapezius - Pectoralis majoris - muscles main actuator, used in moving elbow
front and back, in T-pose position of the arm in the shoulder joint (Q1 DOF of
the arm at Fig. 3.2)

All of the above muscles can be seen at Fig. 3.4.

3.3 Hardware definitions

In the next chapters, some hardware definitions will be used, so here it will be briefly
described:

3.3.1 DMA

DMA is a feature of modern MCU and CPU, which allow us to transfer data from
and to the external device in the background while not loading the processor with
this task
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FIGURE 3.2: Human arm kinematics model
(Image from [18])

3.3.2 ADC

ADC is the piece of hardware that allows converting analog data to its digital rep-
resentation. STM32 uses specific type of ADC — SAR (Successive Approximation
Register), what means that conversion is performed in several steps and uses capac-
itors of different capacitance. First, capacitors are charged for some amount of time
(usually called sampling cycles), which means - more sample cycles we give to ADC,
the more charge will be collected in capacitors, so more accurate measurements can
be performed. Next step — capacitors one by one are connected to the comparator
pin, which checks if this specific capacitor is fully charged, so we have C sampling
cycles plus 12 cycles (one per each bit, so as we use 12 bit ADC - we have 12 cycles)
to read data from ADC

3.4 ROS

For this thesis, we must develop a system to collect data for our experiments, so
we chose ROS as a framework because it is modular and easy to use. The main
information to understand here, ROS solutions consists of two main components:

Node
A small independent program, written on C++ or Python, like object detection, data
acquiring from the sensor, etc.

Topic
Channel through which nodes are communicating. Nodes can subscribe on topics
to obtain info from them, or publish to topics to push info into them. If few nodes
subscribes to the same topic, each of them will get the same set of messages.
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FIGURE 3.3: Muscles involved in elbow movement
(Image from [15])

FIGURE 3.4: Muscles involved in elbow movement
(Image from [13])
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Chapter 4

System overview

During research, no datasets for the continuous motion were found, so we decided
to collect them by ourselves. Therefore data collection system should be created both
in hardware and software.

4.1 Hardware

The hardware collection system consists of MCU (STM 32) and an array of 10 home-
made EMG sensors. STM 32 was chosen due to its full-speed USB interface (12MB/s),
12 bit ADC, and high-frequency CPU. What about EMG sensors, was decided to as-
semble them by ourselves. In detail, the scheme will be described in the next section.
Moreover, surface EMG sensors were chosen, as they don’t require sterile electrodes
which are inserted into muscle tissue.

4.1.1 EMG sensor

Basically, any EMG sensor consists of 4 parts [3]:

• Pre-amplifier — Voltage difference between electrodes placed on the muscle is
very small, so we need to amplify it using a low noise difference amplifier

• Amplification — Next, we need to amplify the output of the previous ampli-
fier even more, to be able to process it further

• Rectification — As we are using positive logic in our STM32 MCU, we need to
rectify our positive/negative voltage, so we use a full-bridge rectifier to turn
negative voltage into positive

• Smoothing and amplification — In the last part of the EMG circuit, we filter
our signal with a low-pass filter to get rid of humps in the rectifier output to
produce a smooth input signal for MCU. Finally, we amplify the signal even
more, using an amplifier, capable of manual gain configuration

4.1.2 MCU

Finally, the output of the sensors is processed by MCU. We use a built-in 12 bit ADC
of STM32F407 MCU. Due to the ADC structure, described in Chapter 3 we need
to specify how many clock cycles ADC performs sampling of data, where bigger
cycles count means more accurate results. Therefore, when MCU clock frequency is
32 MHz, and we want 1 kHz sampling frequency for our system, we can have total

C =
32 MHz
1 kHz

− 12 = 31988 (4.1)
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sampling cycles for all 10 channels. We also use DMA to quickly move ADC results
as soon as they are done to MCU memory without CPU usage.

4.2 Software

For the software part of the system, we decided to use ROS due to its modularity
and convenient API for Python and C++. Below we can see the diagram of ROS
nodes.

FIGURE 4.1: System diagram

• Sensor interface node — node which is interfacing with sensor array convert-
ing it from raw bytes in serial to ROS messages

• Ground truth producer — node which will generate ground-truth (real hand
positions, which would act as labels for EMG data, used to train neural net-
works) for our dataset, which can be replaced with different detector nodes. In
Chapter 7, the first experiment, this node is replaced with a simple arm posi-
tion detection node. In the second experiment - the DNN mocap node is used.
In detail, these nodes will be described later.

• Dataset generation node — this node aggregates and synchronizes data from
two previous nodes and saves it as a CSV dataset

• Rosbag record — this node actually is a ROS feature that allows us to record
topic data into ROS-bag files. In our case, we record camera images at 5 Hz
rate, for reference, when we are investigating data, and all data from the first
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two nodes, so we can always recover data in case of Dataset generation node
fail.

4.2.1 Ground truth producer

Our system architecture is modular, due to the usage of ROS. So we have a possi-
bility to replace nodes as long as they implement the same interface. We used this
feature to replace Mocap neural network node with different nodes for different ex-
periments. For example, in the first experiment (proof of concept), as ground truth
we need only elbow angle, so we use a simple arm position estimation node, which
gives us only a 1D pose of the elbow joint. While for the second experiment, we use
a full-body motion capture neural network to get shoulder angles in 3 planes.

Simple arm position estimator

This position estimator is implemented using classic computer vision algorithms. As
input, it takes RGBD images (RGB image with additional depth channel), converts
RGB image to HSV format, thresholds it to find 5 markers placed on the arm like
this — Fig. 4.2.

FIGURE 4.2: Marker positions on hand

After that algorithm uses a pinhole camera model and depth channel of the im-
age to find positions of markers in 3D space. Next, we try to find marker on elbow
joint, and two lines which represents forearm and shoulder. To do this, we try to
find best fitting lines for every 3 marker combination from 5 markers. Therefore we
select two lines, which fits best and the intersection between them, what gives us all
required information (Fig. 4.3).

Finally, find a plane through them and angle. This angle is further used as
ground truth data for the dataset.

DNN motion capture

This node is based on the open-source realization of DNN motion capture solution
— BlazePose [2], which in real-time can detect and track key points of the human
body in 3D. We added a ROS interface for this solution and integrated it into our
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FIGURE 4.3: Estimated lines on hand

system. Also, as we need only data about one arm, so we filter out all excessive
information.

FIGURE 4.4: Motion capture example
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Chapter 5

Data overview

5.1 Dataset description

For each of two experiments, we will be obtaining EMG data with our hand-made
sensor array and ground truth data obtained from camera images, as described in 4.
So, the dataset for each experiment looks like following Fig. 5.1.

One of the problems with our dataset is that the ground truth data is not synchro-
nized with EMG data (processing of the image takes more time than obtaining data
from the sensor, also, as we use neural network pose estimation, sometimes body
track is lost for few frames, so we need to fill in gaps in data). So in our system,
we used timestamps for each message sent over topics to synchronize them in one
dataset later. Another problem is a different frequency of data (approximately 30 Hz
for ground truth data and 1 kHz for EMG data) what is illustrated on Fig. 5.1, where
points represents moment of time when EMG/Ground truth data were received.

FIGURE 5.1: Data frequency demonstration

So, first of all, we perform data synchronization and interpolation to make one
coherent dataset. Finally, we get the following result — Fig. 5.2, which we use as the
dataset for further pre-processing and neural networks training.

5.2 Signal pre-processing

As can be seen at 5.3, our signal is slightly noisy, but this noise is not periodic, which
can be due to the high-frequency (>1 kHz) noise, or ADC noise. Also, we don’t have

TABLE 5.1: Dataset schema

Timestampp ADC 1 . . . ADC N Joint 1 angle . . . Joint N angle

1620595463 2075 . . . 856 0.5 . . . 1.55
. . . . . . . . . . . . . . . . . . . . .



Chapter 5. Data overview 14

FIGURE 5.2: Dataset example (Experiment 1)

50 Hz noise of AC power grid, as we are using batteries to power analog part of the
scheme, as well as we have reference electrode in sensor scheme, which also reduces
noise to level, which is beyond detection threshold of our system.

FIGURE 5.3: Raw signal example (Experiment 1)

As our signal is already rectified on the hardware level, there is no need to do it
by ourselves, so our processing starts with filtering noise by using RMS. We can use
it as it correlates with signal power [14].

Also, for some cases in Chapter 6 we used additional extracted features — Hjorth
parameters — statistical features of signal in the time domain, originally developed
for EEG analysis:

• Hjorth Activity — mean power of a signal, its activity
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FIGURE 5.4: Filtered signal example (Experiment 1)

• Hjorth Mobility — mean frequency of the signal

• Hjorth Complexity — estimate of signal bandwidth

5.3 Cropping dataset to batches

In Chapter 6 we use neural networks for data analysis, so we need to split the dataset
into batches. Moreover, we want to use a trained neural network for real-time infer-
ence, so we choose a sliding window to cut the dataset on batches.

FIGURE 5.5: Cutting dataset on batches
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Also, from the dataset, we see that number of "static" batches (the part of the
dataset where there is no movement) will be bigger than batches with some useful
information, so we detect them by analyzing the absolute change of total joint posi-
tion angle, and if it is smaller than the threshold - put it into other lists, from which
random part will be discarded, to balance our dataset. Also in Chapter 6 we will
choose the size of the window and its shift to be good enough for small latency on
inference, and small redundancy, for training data generation to not overfit neural
networks.

5.4 Distinguishing between different movements from one
signal

In this data sample, we can see data from one EMG sensor placed on the forearm,
for example, as the forearm has a large amount of overlapping muscles. In this small
experiment, we perform two types of moves, repeated twice, as shown at Fig. 5.6

FIGURE 5.6: Different movement types, from same signal sample

As can be seen at Fig. 5.6, there is a clear difference between the signal from the
single sensor for different gestures due to the fact that surface EMG captures total
potential difference from all motor units under the sensor, and different gestures
need different contraction level from muscles, what results in a difference in EMG
signal amplitude.
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Chapter 6

Methodology

In this work, two experiments will be conducted - first with joint with only 1 DOF —
elbow, to find the best approach for EMG analysis, which will work for continuous
motion and second — with shoulder joint, which is more complicated as it has 3
DOF, actuated with overlapping muscles. So the idea is - check if our approach is
feasible in experiment 1 and check and improve it in experiment 2. From Chapter 2
we know few approaches for EMG data analysis, like feature engineering or direct
passing signal to the neural network. In our case, we also will experiment with
different neural network output — we have the assumption that the result of our
neural network should be not a position of the joints but the velocity at a given
point of time.

6.1 Validation metrics

To find the best approach of analyzing EMG data, we need some metrics by which
we are comparing results. Basically, we are solving regression tasks, so we cant
use the accuracy metric. Therefore we are calculating an error between prediction
and actual data, trying to minimize it. Moreover, our regression is nonlinear, so we
cannot use some metrics, like R2.

So we stopped at following metrices.

• MAE — Mean Absolute Error - this metric shows difference between true and
predicted data, disregard it’s sign, what allows us to compare performance
between proposed models.

MAE =
1
N

N

∑
i=1
|xi|

• RMSE — root mean squared error — this metric works quite the same as pre-
vious one, but due to the power of 2 in formula, outliers have bigger effect
on overall score, what allows us to better compare how many outliers every
model produces.

RMSE =

√√√√ 1
N

N

∑
i=1

(xi)2
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6.2 Experiment 1

6.2.1 Experiment description

In this experiment, we gathered data from bicep brahii and tricep brahii, which
play the main role in elbow joint actuation. Overall we have 30 min of data, with the
following moves conducted:

• full bending and straightening of the elbow joint, type 1 in Fig. 6.1

• bending and straightening from fully relaxed to half bend and from half bend
to fully bend, type 2 in Fig. 6.1

• bending on half of the overall magnitude - starting from first quarter of cycle
to third quarter of a cycle, type 3 in Fig. 6.1

• straightening and bending with a step of 10°, type 4 in Fig. 6.1

During all these tests, we were trying to maintain a constant movement speed. In
further researches, we will try to train the system to analyze movement at different
speeds. But for now, it will add an additional complexity to our system.

FIGURE 6.1: Experiment 1 moves (green zone means possible forearm
movement)

6.2.2 Methodology

In Chapter 3 we described existing approaches of EMG signal recognition and con-
cluded that we would use neural networks for analyzing EMG data. We tried dif-
ferent architectures of the neural networks, as well as different dataset generating
methods. As was said in Chapter 6 we used a sliding window for generating train-
ing data, so for each NN architecture, we experimented with different window size
and window shift, but the sum of window shift and window size was always less
than 300, to keep latency quite small, so the system is considered near-realtime. For



Chapter 6. Methodology 19

the labeling of data, there are two different approaches. We may want NN to pro-
duce an exact angle (further marked as α), on which hand joint is rotated in the
specific moment, but in some cases, it wouldn’t work well because for some states
of our hand, EMG data looks identically, for example fully bend and almost fully
bend arm in elbow joint, configuration of muscles activity in this exact moment is
the same, but hand position is different, so we also considered using "angle change
over window" (further marked as ∆α) as a label for data. In each experiment, after
training, we perform a test on data, previously hasn’t seen by the neural network
(same part of the signal for each neural network), further analysis of the output can
be seen in Chapter 7

6.2.3 ANN

The first approach is rather naive. We tried to use simple neural network architec-
ture — Fig. A.1 with data preprocessing. In some approaches [20] Hjorth parameters
were used to predict discrete gestures, so we decided to use them for our data. We
feed to neural network 3 Hjorth parameters, as well as some statistical features, like
mean over the window and standard deviation for each of 2 channels along with
our raw EMG data, to provide neural network all available information. After some
finetuning, we got the following architecture — Fig. A.1, which was trained for
two types of output - angle change over window time (∆α) and joint angle itself (α),
which gives us the following prediction accuracy — Tab. 6.1 and following predic-
tion for the test data sample — Fig. 7.1.

TABLE 6.1: ANN prediction accuracy

Metric Angle change over window Raw angle

RMSE 0.012 0.204
MAE 0.016 0.168

6.2.4 RNN

RNN — a type of neural network, that have small memory blocks inside, so it re-
members previous calculation, therefore perfectly suits for time series prediction or
even EMG data analysis. For previous neural network architecture, we extracted
some features, but for RNN, we use raw signal, with a small amount of filtering,
described in Chapter 5. The architecture of our recurrent network is shown in Fig.
A.2 What produces the following accuracy for ∆α and α prediction — Tab. 6.2 and
the following prediction for the test data sample — Fig. 7.2

TABLE 6.2: RNN prediction accuracy

Metric Angle change over window Raw angle

RMSE 0.077 0.078
MAE 0.052 0.051
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6.2.5 RNN with previous prediction input

As can be seen in the previous RNN prediction, it’s slightly noisy, so we decided to
give recurrent neural network information about the previous state of the hand dur-
ing the previous window (200 ms) — Fig. A.3. For training — ground truth elbow
angle was used, when for validation, previous predictions of the neural network
itself were used. Output can be seen in Fig. 7.3, and accuracy in Tab. 6.3

TABLE 6.3: Enhanced RNN prediction accuracy

Metric Angle change over window Raw angle

RMSE 0.109 0.077
MAE 0.086 0.056

6.2.6 CNN

We tried to use pure CNN on our data, as described in related works, but it didn’t
work out well for our data and approach, so we experimented with the combination
of 1D Convolution and LSTM architecture — Fig. A.4. The idea behind this archi-
tecture is to allow 1D Convolution to generate features for LSTM. This approach
produces the following result on test data — Fig. 7.4, and its accuracy is following
— Tab. 6.4

TABLE 6.4: CNN prediction accuracy

Metric Angle change over window Raw angle

RMSE 0.072 0.086
MAE 0.047 0.057

6.2.7 Combined approach

As can be seen from RNN and ANN section, both of these networks somehow ana-
lyze our data. RNN is better, while ANN was slightly worse, but in different parts
of prediction, as can be seen from Fig. 7.2 and Fig. 7.1. So we decided to combine
both of them in one architecture — Fig. A.5, with two inputs - temporal for the RNN
part of the neural network - and Hjorth parameters for the DNN part. What gives
us the following accuracy — Tab. 6.5 and following sample prediction — Fig. 7.5

TABLE 6.5: Combined approach prediction accuracy

Metric Angle change over window Raw angle

RMSE 0.079 0.085
MAE 0.052 0.056
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As can be seen from figures: Fig. 7.5, Fig. 7.2 and Fig. 7.1 — combined net-
work, in some cases, even slightly outperform both RNN and ANN, but overall its
performance is worse.

6.2.8 Enhanced combined approach

As in the previously combined architecture, we also decided to combine ANN with
RNN with the previous prediction input result. So we combined those architectures,
getting the following — Fig. A.6. What gives us the following accuracy — Tab. 6.6
and following sample prediction — Fig. 7.6

TABLE 6.6: Combined approach prediction accuracy with previous
prediction input

Metric Angle change over window Raw angle

RMSE 0.106 0.107
MAE 0.080 0.079

6.3 Experiment 2

6.3.1 Experiment description

In this experiment, we gathered data from Pectoralis majoris, Deltoid, Latissimus
dorsi and Trapezius, which are main muscles-actuators of elbow joint, and move it
in all 3 DOF. Overall we gathered 45 min of data, with different movements of the
elbow joint, with the following moves conducted:

• elbow is in most far back position, moves up end down, then shifts slightly to
the front, moving up and down, repeats, type 1 in Fig. 6.2

• same as above, but repeating part of the move is performed horizontally, type
2 in Fig. 6.2

• spiral moves of the elbow from top to bottom and from left to right

• diagonal moves of the elbow

• same 4 moves, but with rotating elbow along elbow axis

• combination of all of the above moves, for test part of dataset

6.3.2 Methodology

From experiment 1 we know, that the best approach for 1 DOF joint angle estimation
is pure LSTM for angle change over window prediction and RNN with previous
prediction input for raw angle prediction Now, we will use those approaches for
detecting complex movement signal (4 muscles data as input, 3 angles as output).
Moreover, we slightly tuned our architecture to show better performance on 4 input
data streams, RNN architecture, for "angle change over time" prediction is shown in
Fig. A.7 and Enhanced RNN architecture, for angle prediction is shown in Fig. A.8.
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FIGURE 6.2: Experiment 2 moves (blue dots means elbow trajectory
during move)

TABLE 6.7: Experiment 2 RNN accuracy with previous prediction in-
put for raw angle prediction

Metric X Y Z Total

RMSE 0.129 0.135 0.306 0.129
MAE 0.079 0.12 0.28 0.102

Overall we get the following accuracy for angle prediction — Tab. 6.7 with fol-
lowing prediction, for the test data sample — Fig. 7.7:

Speaking about prediction angle change over window we get following accuracy
— Tab. 6.8, with following prediction — Fig. 7.8 on the test data sample

TABLE 6.8: Experiment 2 RNN accuracy for angle change over win-
dow prediction

Metric X Y Z Total

RMSE 0.097 0.062 0.091 0.084
MAE 0.077 0.049 0.064 0.063
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Chapter 7

Experiment results

7.1 Experiment results

During our experiment, we tested 5 architectures of neural networks for predicting
continuous arm pose from EMG data. So in this chapter, we will compare them in
details and analyze differences and possible improvements.

Overall, all of the described architectures were trained on the same dataset, with
training parameters fine-tuned to get the best possible result, after that, it was tested
on the test part of the dataset — the part which the neural network has never seen.
All tests were performed to match real use-case. With common neural network ar-
chitecture, we just use test part of the dataset. But in tests of neural network, with
old predictions input (Enhanced RNN) we cannot use test part of dataset as it is, be-
cause inside of it, as an "old predictions input" we have previous ground truth data,
but in real life, we doesn’t have it, and it will be replaced with previous prediction
of neural network, so in our tests, we also performed inference one-by-one sample
and altering data from dataset with previous prediction of neural network. Results
and analysis of those tests can be seen in the sections below.

7.1.1 ANN

FIGURE 7.1: ANN prediction sample

From these results, we can see that multi-layer perceptron, trained on extracted
features, can predict raw angle from EMG data, but do this very jittery, what of
course, can be filtered and post-processed but will not give us the best possible ac-
curacy. What’s about predicting "angle change over the window" with the simple
ANN, from Fig. 7.1, we can see that neural network was not learning on this type of
label at all, what results in the simple median line, instead of propper result.
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7.1.2 RNN

FIGURE 7.2: RNN prediction sample

Speaking about recurrent neural network, we can see that it predicted raw angle
quite good, despite the fact of jittering, which can be seen on the first ascending part
of the graphics. This can be due to the relatively small dataset (only 30 min of data).
Despite that, we can still see the trend of the prediction, so with some effort and
filtering, we can even get a quite good result with LSTM approach. Speaking about
angle change over window — RNN prediction also works out better than ANN, but
still has jittering issue in 0 s-1.5 s part of the test data, which means that indeed, we
have an issue with dataset size, which can be solved if we gather more data in more
conditions (more different arm poses, different humans), what will give us the more
generalized model, which has seen more different cases, therefore will be better in
predicting it.

7.1.3 RNN with previous prediction input

FIGURE 7.3: Enhanced RNN prediction sample

In this architecture, using previous predictions in combination with EMG data,
we get rid of jittering, our prediction for raw angle become smooth and very close to
the ground truth, except mentioned earlier 0 s-1.5 s part of the prediction. Speaking
about angle change over the window - we see artifacts — repeating patterns of peaks,
which. as we assumed. it was from the too big size of the previous prediction buffer,
so RNN learned features that are too far in the past, but even after tuning its size, we



Chapter 7. Experiment results 25

still didn’t get rid of it, so for the Enhanced RNN case, only raw angle prediction is
considered as a viable variant.

7.1.4 CNN

FIGURE 7.4: CNN prediction sample

As can be seen from Fig. 7.4, its output is quite the same as RNN results (Tab.
7.2). Same jittering and quite the same accuracy as can be seen in Tab. 7.1. So
using Convolution for feature generation does not bring a big improvement to the
detection accuracy.

7.1.5 ANN and RNN combined

FIGURE 7.5: Combined ANN-RNN prediction sample

Our idea was that combination of different architectures with completely differ-
ent approaches to processing should give us a better result, but as can be seen from
the raw angle prediction case in Fig. 7.5, while in some parts (0 s-1.5 s of test data)
this architecture performs better than RNN and ANN apart, but overall its perfor-
mance is worse. What about angle over window prediction — generally, it performs
almost the same as the RNN approach, which is expected, as the ANN approach
doesn’t learn anything in angle over window prediction case.
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FIGURE 7.6: Combined ANN- enhanced RNN prediction sample

TABLE 7.1: Combined metrics of all NN architectures

NN architecture Angle change over window Raw angle
MAE RMSE MAE RMSE

ANN 0.016 0.012 0.168 0.204
RNN 0.052 0.077 0.051 0.078
Enhanced RNN 0.086 0.109 0.056 0.077
CNN 0.047 0.072 0.057 0.086
Combined ANN-RNN 0.052 0.079 0.056 0.085
Combined ANN-Enhanced RNN 0.080 0.106 0.079 0.107

7.1.6 ANN and RNN combined, with previous prediction input

As in the previous case, our assumption was to combine the best from two worlds to
get a better result, but the ANN part of the architecture, due to its jittering and big
error, worsened the result of the RNN part.

7.1.7 Comparison

From the Tab. 7.1 we can form the following rating of NN architectures:
Angle change over the window:

• ANN — reason of such a big score for this architecture is due to its "fitting to
the mean" as can be seen in Fig. 7.1, NN learned to produce constant number
- mean of training data, which for our metrics looks like a good result, but
visual analysis showed us, that this architecture is not capable of predicting
angle change over window data.

• CNN — this architecture performs best on predicting angle change over a win-
dow from EMG data, based on our metrics and visual observation — Fig. 7.4. It
is still slightly jittering, but we can clearly see the trend, which is quite aligned
with ground truth data.

• RNN — this architecture was almost as good as the previous one, with slightly
worse results, as can be seen in Fig. 7.2, visually prediction nature is quite
similar to CNN one, due to its common architecture (LSTM blocks), but RNN is
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slightly less robust, as it works with row data, not "preprocessed" with trained
convolution layer.

What about raw angle prediction, rating is following:

• RNN/Enhanced RNN — that two architectures perform almost equally well
in terms of metrics, but when we are talking about continuous motion recog-
nition, we should consider jittering of NN output. In this case, Enhanced RNN
is the clear leader as its output (Fig. 7.3) is much more stable than the output
of RNN (Fig. 7.2)

• Combined ANN-RNN — this architecture, compared to the other two, was
noticeably worse, as it has both jittering of RNN and worse accuracy of ANN
(Fig. 7.5). But still better than other experiments

Overall we can make the conclusion that a better approach for continuous motion
recognition is to use NN, which predicts actual joint angle, than angle change over a
window. Also, for our task, the Enhanced RNN approach suits better, as its output
is much smoother than RNN’s.

7.1.8 ANN and RNN combined for experiment 2

Given the conclusion from the previous experiment, in this experiment, we also used
Enhanced RNN for angle prediction, and simple RNN for "angle change over win-
dow" prediction, both neural networks training process were slightly tuned to suit
new input data, which results in the following raw angle prediction from test data
— Fig. 7.7

FIGURE 7.7: Experiment 2 Enhanced RNN prediction
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As can be seen, from prediction sample, our approach works quite good even
for complex joints - like elbow. Of course we can see some noise and mispredic-
tions, which, as discussed above, can be due to small dataset with small ammount
of different moves. So it can be eliminated by using bigger and more general dataset.

Spekaking about prediction of "angle change over window" — Fig. 7.8, from
the metrics Tab. 6.8 and Tab. 6.7 we can see, that for complex joints, this approach
slightly outperforms Enhanced RNN, but is much more noisier. What once again
confirms our assumption, that for continious motion prediction Enhanced RNN ar-
chitecture works best.

FIGURE 7.8: Experiment 2 RNN prediction of "angle change over
window"
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Chapter 8

Conclusion

In conclusion, during this work, a hardware and software platform for analyzing
and gathering labeled EMG was created. It allows for everyone with proper hard-
ware (which can be manufactured at home) to gather his own EMG dataset and
therefore train his own regressor. In the main part of this work, were tested 5 dif-
ferent types of neural networks for 2 different types of output. Found best suiting
neural network architecture for our task - recognition of continuous arm movement
based on EMG data. Two models, for simple (like an elbow) and complex (like
shoulder) joints, were trained and evaluated.

8.1 Model summary

For recognition of continuous movement, recurrent neural networks were used,
which input is N channel EMG data, in windows of 200 ms as well as previous pre-
dictions of neural network (also for last 200 ms). Output is the angle/angles of the
corresponding joint.

8.2 Future work

During this work, we faced a limitation connected with dataset size, as well as its
diversity. So in future work, we will try to improve model accuracy by using a more
general dataset, which will include people of different ages/sex/skin types, as well
as many more different moves. Also, we will try to improve the stability of the
model by using different filters based on knowledge of human arm kinematics.
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Appendix A

Neural networks architectures

FIGURE A.1: Fully-connected neural network architecture
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FIGURE A.2: Recurrent neural network architecture
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FIGURE A.3: Enhanced recurrent neural network architecture
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FIGURE A.4: Fully-connected neural network
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FIGURE A.5: Architecture of RNN-ANN combined neural network
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FIGURE A.6: Architecture of enhanced RNN-ANN combined neural
network
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FIGURE A.7: Experiment 2 RNN architecture for ancgle change over
time prediction
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FIGURE A.8: Experiment 2 Enhanced RNN architecture for angle pre-
dictino
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