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Molds are still assembled manually because of frequent demand changes and the requirement for comprehensive
knowledge related to their high flexibility and adaptability in operation. Human-robot collaboration (HRC) systems can be
applied to improve manual mold assembly. A status recognition system based on parts, tools, and actions using a pre-
trained YOLOV5 model is developed. This study improves the sustainability of the mold assembly from the point of view of
human safety, with reductions in human workload and assembly time.
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| 1. Introduction

The use of robots in manufacturing began in Industry 3.0 as industrial robots were introduced for automated mass
production. However, there are challenges in expanding industrial robot systems’ application in mass personalization.
Industrial robot systems can work fast with a low error rate. Still, industrial robots are less flexible and require high-cost
reconfiguration to cope with the frequent demand changes in mass personalization production. In contrast, manual
systems can adapt to changes with lower investment costs, but human workers tend to become fatigued and have a
higher error rate 1. Therefore, the application of human-robot collaboration (HRC) systems in manufacturing has gained
attention in Industry 4.0. HRC systems combine the cognitive ability of humans with the consistency and strength of
robots to increase the flexibility and adaptability of an automated system [2. Besides this, the key enabling technologies in
Industry 4.0, such as artificial intelligence and augmented reality, are integrated into the HRC systems to support
interaction and collaboration between humans and robots &, Although we are still at the stage of realizing Industry 4.0,
the term Industry 5.0, which focuses on bringing humans back into the production line and collaboration between humans
and machines, has been introduced . Hence, HRC systems are foreseen to be an active research area in Industry 5.0
as well.

Herein focuses on the application of HRC systems in mold assembly. Most molds are still assembled manually, while full
automation systems are implemented in various assembly systems, such as for automotive parts B8 and electronic
parts [QI19 A fyll automation assembly cell is insufficiently flexible to cope with the frequent changes in low-volume mold
assembly production and the wide variety of mold components that vary in weight and geometry. However,
musculoskeletal disorders (MSD) caused by heavy part handling and repetitive motion during mold assembly have
increased the need for robots in mold assembly 1. Therefore, we propose the application of the HRC mold assembly cell
to overcome the problems in mold assembly. The implementation of collaborative robots can reduce repetitive strain
injuries and relieve heavy part lifting for human workers. At the same time, the use of collaborative robots can increase the
work consistency and productivity of the assembly cell by integrating computer vision into HRC assembly cells.

Herein aims to develop a vision-based status recognition system for a mold assembly operation to achieve a sustainable
HRC mold assembly operation by reducing assembly time and improving human working conditions. An assembly
operation comprises tasks performed to join or assemble various parts to create a functional model. Each task consists of
a series of sub-tasks executed to assemble a specific part at a defined location using a defined tool.

| 2. Deep Learning-Based Recognition in HRC Assembly

The Convolutional Neural Network (CNN) is the most common deep learning method used in computer vision tasks.
Image classification, object localization, and object detection are the three main computer vision tasks. Image
classification seeks to classify the image by assigning it to a specific label 12, AlexNet 23], ResNet 14, VGGNet 15,
Inception Net and GoogleLeNet € are the most common CNN architectures that researchers on image classification
have implemented. Object localization takes an image with one or more objects as input and identifies the objects’



location with bounding boxes. The combination of image classification and object localization results in object detection or
recognition, which identifies the types of classes of the located objects 2. The most common deep learning-based object
recognition models are R-CNN (Region-based Convolutional Neural Network) 14, Fast R-CNN 8 Faster R-CNN 12,
Mask R-CNN 29 and You Only Look Once (YOLO) [2122123124] mgdels. R-CNN families are two-stage object detectors
that extract the regions of interest (ROIs), then perform feature extraction and classify objects only within the ROISs.
Hence, two-stage object detectors require longer detection times than one-stage object detectors. YOLO models are one-
stage detectors that directly classify and regress the candidate boundary boxes without extracting ROIls. Our study
detects the parts and tools required during an assembly operation so as to recognize a task and then estimates the task’s
progress based on the position of parts or tools. Therefore, we focus on object recognition that involves classification and
detection tasks.

The training data used in the existing recognition systems were raw data, collected using wearable sensors, and image
data, such as an image captured during operation, and images of spatial and frequency domains derived from sensors.
Uzunovic et al. 2 introduced a conceptual task-based robot control system that received human activity recognition and
robot capability inputs. They recognized the ten human activities in the car production environment based on the data
from nineteen wearable sensors on both arms using machine learning models. However, the attachment of wearable
sensors on the human worker caused discomfort during the practical assembly operation. Furthermore, deep learning
algorithms in computer vision allow us to perform motion recognition better using assembly videos or images.
Researchers have developed deep learning-based approaches using images to recognize common tasks based on
different recognition algorithms: gestures or motion recognition and combinations of part and motion recognition in
manufacturing assemblies 2827 Therefore, this study focuses on applying deep learning algorithms to assembly videos
or image data for task recognition.

The research on action and phase recognition has been developed and applied widely for common human activities and
surgical applications. Still, the related research on manufacturing assembly applications is worth exploring. Wen et al. [28!
used a 3D CNN to recognize seven human tasks in visual controller assembly for the learning process of the robot. They
separated eleven assembly videos, collected into seven labeled segments representing seven tasks, and performed data
augmentation to increase the dataset for training. The accuracy of the task recognition was only 82% because of the small
training dataset and the environmental changes during the assembly operation. Wang et al. 22 used two AlexNets for
human motion recognition and part tool identification, respectively. They recognized grasping, holding, and assembling
motions to identify human intention. For the part tool identification of a screwdriver, small and large parts were the only
parts and tools included in this study. However, they only tested the proposed method on a simple assembly that involved
a single tool and limited types of parts.

Chen et al. 281 implemented the YOLOV3 algorithm to detect tools for assembly action recognition and the convolutional
pose machine (CPM) to estimate the poses and operating times of the repetitive assembly actions. They tested the
algorithm on three assembly actions, which were filling, hammering, and nut screwing. They only estimated the operating
times using the cycle of action curve, and not the progress or the remaining operating times. Action recognition based on
this tool is inefficient in monitoring the assembly progress because different tasks may require the same tool. Chen et al.
(29 extended the previous study 281 and proposed a 3D CNN model with batch normalization for assembly action
recognition to reduce the environmental effect and improve recognition speed. Besides this, they employed fully
convolutional networks (FCN) to perform depth image segmentation, in order to recognize different parts from assembled
products for assembly sequence inspection. They recognized parts using computer-aided design (CAD) models instead of
original parts, and compared the accuracy and training time for RGB, binary, gray, and depth images. The results show
that the RGB image data gave the highest accuracy, but the training time was longer than for the gray images dataset.

The performance of the developed recognition models in the existing research for assembly applications is worse than
expected due to the limited dataset and the environmental changes during the assembly operation. Therefore, a transfer
learning technique can be used to overcome these problems.

| 3. Status Recognition for HRC Mold Assembly Operation

Figure 1 illustrates the proposed conceptual framework of status recognition. An assembly operation consists of tasks for
joining or assembling various parts to create a functional model. Herein defines a task as a series of sub-tasks executed
to assemble a specific part at the designated item using a defined tool. Thus, herein decomposes the assembly operation
into tasks and sub-tasks and define actions that represent the status of a sub-task. Status recognition identifies an
assembly task based on the recognized unique part, and recognizes the status of the task based on the actions that are
decomposed from sub-tasks.
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Figure 1. Proposed status recognition model for HRC system.
3.1. Decomposition of Mold Assembly Operation

Herein focuses on a two-plate mold assembly operation that consists of core and cavity sub-assemblies. Table 1 lists the
sixteen mold assembly tasks and each corresponding part. Each task assembles a unique mold part and joining part,
such as screws and pins. Since the unique part assembled in each task is not repeated in other tasks, we can recognize a
task by recognizing the corresponding unique part.

Table 1. List of tasks in a two-plate mold assembly.

No. Task Part
1 Prepare A side plate A side plate
2 Assemble sprue bushing Sprue bushing
3 Assemble top clamp plate Top clamp plate, screws
4 Assemble location ring Location ring, screws
5 Prepare outer B side plate Outer B side plate
6 Assemble guide pin Inner B side, guide pin
7 Assemble core Core
8 Assemble ejection pin Ejection pin
9 Assemble B side plates Screws
10 Assemble ejection plate Ejection plate, pin
11 Assemble return pin Return pin
12 Assemble ejection support plate Ejection support plate, screws
13 Assemble space plate Space plate
14 Assemble bottom clamp plate Bottom clamp plate, screws
15 Assemble core plate Core plate, screws
16 Assemble core and cavity sub-assembly Sub-assemblies

Herein defines a task as assembling a component consisting of a series of sub-tasks to assemble and join components.
Herein also categorizes sub-tasks in mold assembly into nine categories 111 Table 2 lists the tools used in each sub-task.
Herein must perform a series of sub-tasks on the component and corresponding joining components, such as screws and
pins, to complete a task. Herein further decompose these sub-tasks into a series of actions for status recognition
purposes. Mold assembly requires two types of tools, which are the hammer and hex-keys. Some sub-tasks need to be
executed with a tool or without any tool. For sub-tasks that require a tool, we must include the actions to handle the tool.

Table 2. Categories of sub-tasks for mold assembly and tool used.



Code Description of Sub-Tasks Tool

A Lift and position plate with rough tolerance No
B Lift and position plate with fair tolerance No
C Lift and position plate with tight tolerance No
D Pick and locate component with fair tolerance No
E Pick and locate component with tight tolerance No
F Pick, locate and insert screw No
G Tighten screw Hex-key
H Insert small component with force Hammer
| Insert plate with force Hammer

The identification of actions plays an essential role in status recognition. Generally, a sub-task starts with a hand
approaching the part or tool, and ends with an empty hand leaving the assembly area or returning the tool. Based on the
common actions, we can summarize that a sub-task starts when the hand approaches the part and ends when the hand
leaves the assembly area. The common actions in a sub-task can be listed as follows:

« Picking or grasping part/tool;

« Positioning part;

« Assembly using a tool, such as tightening a screw or inserting a pin;
« Leaving assembly area with an empty hand.

Herein aims to develop a status recognition system for HRC mold assembly based on object and action recognition. The
status recognition consists of two stages, as shown in Figure 2. In the first stage, herein recognizes a task by recognizing
parts and tools. In the second stage, we recognize the status of a sub-task based on the executed action. Figure 2 shows
an example of the stages of the proposed status recognition model. Herein decomposes the task “Assemble location ring”
into two sub-tasks: “Lift and place location ring” and “Insert and tighten the screw”. Herein recognizes the part during the
first stage as location ring, and the screws and hex-key as the tools, in order to identify the sub-tasks. Then, herein
recognizes the status based on the actions defined for the sub-task. During the execution of “insert and tighten screws”,
the defined action sequence is “insert screws”, “tighten screws” with hex-key, then leave the assembly area. Status
recognition plays an essential role in enabling the robot to identify the status of the manual task and execute the
subsequent task in any future study.
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Figure 2. Decomposition of “Assemble location ring” task in proposed status recognition model.

3.2. Implementation of YOLOV5 and Transfer Learning

In this paper, we use the YOLOvV5 model to develop a status recognition model because YOLOV5 has been proven to
perform better in detection speed compared to R-CNN families BB, we aim to implement status recognition in real-time
task re-assignment and task execution in a future study. Therefore, the fast detection speed of the YOLO model is an
important characteristic that enables us to recognize objects and actions in real-time during the assembly operation. Since
we do not have a large assembly parts and tool images dataset, we implement a pre-trained YOLOv5 model instead of



building a model from scratch. In other words, we apply the transfer learning technique using a pre-trained YOLOvV5 model
to recognize assembly parts and tools based on small image datasets.

3.2.1. Data Collection and Processing

Herein focuses on a two-plate mold assembly operation, as shown in Figure 2. Herein need three image datasets to train
the status recognition model: parts, tools, and hand actions. For the parts, herein categorized the mold parts into seven
types based on the geometric shape. Besides this, herein collected images of tools, such as pins, screws, guide pins,
sprue bushings, and location rings, from the internet. The mold assembly operation requires two types of tools, which are
hammer and hex-key. Then, herein captured images from a YouTube video for actions representing the status of the sub-
task during mold assembly 2. After herein gathered the images, herein increased the number of images for training by
rotating those images 90, 180, and 270 degrees. After collecting the images, herein used the Labellmg data annotation
tool to label and create annotation files in the YOLO format 23], Finally, we partitioned the dataset into training and testing
sets containing 80% and 20% of the data, respectively. Herein then implemented k-fold cross-validation in the YOLOv5m
model to evaluate the effects on model performance. Herein divided the datasets into five batches (i.e., k = 5), with 80%
training datasets and 20% validation datasets for each fold.

3.2.2. Transfer Learning

Herein trained the models using the Windows 10 operating system and the Pytorch 1.7.0 framework with a single NVIDIA
GeForce RTX2080Ti GPU. Herein used the YOLOV5 pre-trained models trained on the COCO dataset. We trained the
datasets using YOLOv5s, YOLOv5m, YOLOVSI, and YOLOv5x models to compare the performances of the models.
Herein downloaded the weights obtained from the pre-trained model as the initial weights for training purposes. In the
YOLOvV5 model, the backbone acts as the feature extractor, and the head locates the bounding box and classifies the
objects in each box. Therefore, herein froze the backbone to use the YOLOvV5 models as a feature extractor and trained
the head using the collected training datasets.

For YOLOV5 training parameter setting, we set the image size to 640 x 640 because the images collected from the
internet have different sizes close to 640 x 640 pixels. Herein trained the models by employing different batch sizes and
numbers of epochs with early stopping conditions. Herein obtained the best precision and weight from trial-and-error
experiments by setting the batch size as 8 and using 600 epochs, with a learning rate = 0.01.

| 4. Conclusions

Herein presents the development of task and status recognition for an HRC mold assembly operation. The proposed
recognition model consists of task recognition stages utilizing part and tool detection and status recognition, which identify
the status of a task based on the human action.

Before developing the recognition model, herein decomposed the assembly operation into tasks, sub-tasks, and action.
The sub-tasks contain information on parts and tools used. Then, herein decomposed the sub-tasks into a series of
actions that defined the status of the task. Therefore, herein collected images of parts and tools, and defined actions to
train the recognition model. Herein used a pre-trained YOLOvV5 model to develop the model due to the limited dataset
available. Herein selected pre-trained YOLOVS! without freezing layers to implement the task and status recognition
because it showed the best performance based on accuracy and inference time among all YOLOvV5 models. Besides this,
smaller YOLOvV5 models cannot detect all the statuses and parts because of the uneven number of images in each class.
Herein re-trained the YOLOv5m model with only images of action classes and with a 5-fold cross-validation method. Then,
herein combined the weights during the inference to investigate the detection ability. Herein found that the 5-fold cross-
validation method improved the average mAP score and detection ability, but the inference time increased 2.4 times.

Herein are currently pursuing physical experiments using an HRC assembly cell testbed to further evaluate and verify the
real-time practical implementations of this study. Herein focused on recognizing the manual task. However, it is necessary
to recognize robot tasks so as to enable progress estimation and communication between humans and robots.
Furthermore, we will expand the developed task recognition model to estimate the progress of the recognized task based
on object tracking, and to estimate the completion time of the recognized task.
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