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Abstract
Achieving high quality, high variety batch size production can be quite expensive. In this vision paper, the methodology of

achieving this at low costs and the available technologies in the field of e-mobility production are described. The focus of

this research lies in high adaptive and cognitive aspects in the assembly along with qualitative aspects. To match the high

flexibility of a flexible manufacturing system while considering quantitative efforts, a use case of an e-axle assembly is

being done. E-axle is chosen due to the ongoing electrification of mobility. Hence, a solution for implementing a set of

methodologies for an adaptive manufacturing system with respect to assembly, quality and implementation efforts is

shown. A Level of Practical Application matrix is presented of all the possible adaptive technologies that are feasible to

implement in the e-assembly line.

Keywords E-mobility � Cognitive production � High variety batch production � Level of Practical Application (LoPA) �
Qualitative analysis

1 Introduction

In the last century, researches were focussed on low-cost

products and achieving them with mass production with

highly efficient Dedicated Manufacturing Systems (DMS).

These systems are used for manufacturing high quantities

of a similar product at low throughput times. Hence, DMS

are fixed and have a monotonous sequence of steps. If an

additional process step for one part is required, the effi-

ciency and quality of this system decrease significantly [1].

Now given the shift in recent years, researches are

focussing on flexible manufacturing systems (FMSs) to

keep pace with the ongoing mass customization. Flexible

manufacturing systems are versatile and adaptive to variety

of products. But, the complexity of FMS and costs of

implementing such a system are quite high. Also, FMS has

a lower productivity compared to DMS as the production

steps are not conducted simultaneously [2]. The quality is

of concern as the variety increases. Thus, an advantage of

FMS would be that it has a vast amount of flexible

automation. It is also noted that majority of users in the

industry are not satisfied with the FMSs because of a

variety of problems including lack of reconfigurability as a

result of their fixed capacities and functionalities [3]. These

are the two opposed types of manufacturing systems.

One of the challenges of the twenty-first century is the

dynamic interaction between the distinct manufacturing

processes and adaptability machines developed by engi-

neers keeping the process quality of the same standards [4].

The variety in vehicle types of electromobility (e-mobility)

is high and the batch size is low, which in turn makes the

manufacturing and assembling costs higher [5], along with

the efforts to increase quality. Thus, the manufacturers are

dependent to match this high flexibility, quality and vari-

ety. To match the high flexibility of an FMS system while

considering qualitative efforts, a use case of an e-axle

assembly is being done. E-axle is considered as the market

maturity of the electric vehicle sector is low [6]. Hence, the

goal would be to implement a set of adaptive technologies

for an adaptive assembly system with respect to e-mobility.

Also, the focus is to achieve the right balance between the

machines and humans to make the assembly process
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simpler, faster and less expensive by combining the proven

methodologies.

This paper outlines the planned research in terms of

investigating how the aforementioned adaptivity and

quality can be achieved in an e-axle assembly. To do so,

the existing process design of the assembly is analysed to

identify the technological gaps. Further, to bridge this

disparity, requirements of adaptive assembly system are

described. Additionally, the research gap is presented by

combining the benefits of these concepts and presenting the

various technologies. Finally, with the help of verification

models, the paper draws an outline of expected results.

2 State of the art

2.1 Product and process analysis

In the current e-axle assembly layout, a single variety of

e-axle (type-B) is being assembled. However, the number

of e-axles being assembled must be increased, as shown in

Table 1 (three types). But the number of types can further

increase over a period. Hence, our focus is to make the

assembly line adaptive and error free from the current

manual process. The axles can be of pure battery electric

vehicle (BEV) or an Hybrid vehicular type. For a BEV,

both the front and rear sides are equipped with electric

motor (e-motor). They are primarily differentiated by the

number of stages and speed. Table 1 describes the differ-

entiation of these axles in detail.

To develop an adaptive assembly system and to get

a better understanding of the e-axle assembly, the assembly

sequence of an existing e-axle (type-B) (as illustrated in

Fig. 1) is analysed first (short overview).

The assembly sequence is an ideal case of flow or series

assembly. All the parts are pre-assembled in a separate

station and then moved to the assembly stations. All the

tasks are performed manually. There is an end-of-line

testing station which does the leakage test as well as the

full-function test. Since the assembly process is completely

manual, the time taken is higher. Thus, the aim is to make

the assembly line adaptive thereby reducing the assembly

time for this specific e-axle.

Considering the yearly output is low, which is not more

than 10,000 axles/year, implementing a fully automatic

assembly would not be feasible and cost-effective. As

described in a case study done in [7], implementing an

automated system for lower throughput per day can be

expensive. Hence, a combination of completely automated

system and manual tasks must be found to make the system

cost-effective and adaptive [7].

For implementing these adaptive technologies, the ini-

tial Level of Automation (LoA) must be defined. The sci-

entific approach is to perform a

DYNAMO ?? methodology which further classifies into

12 steps including LoA (Level of Automation) Matrix

[8–10]. This methodology helps in increasing the Level of

Automation (LoA) [8]. The initial steps have been com-

pleted and the current LoA for the above e-axle assembly

(type-B) has been determined, as shown in Fig. 2. In the

current assembly process, there are 92 tasks which are

Table 1 Types of e-axles

E-axle type A B C

Type BEV Hybrid BEV

Front e-motor for each wheel e-motor for each wheel e-motor (differential used)

Rear e-motor for each wheel Internal combustion engine

(ICE)

e-motor (differential used)

Speed/gear 1 speed 1 speed 1 speed

Stage 2 stage 1 stage 2 stage

Gear ratio 14–15 10 10–15

Differential No No Yes

2 motors in each axle (one for each wheel)

Independent torque for each wheel

Bevel gear differential

Gearing Helical gearing—offset design (can be coaxial design as

well)

Planetary gearing—coaxial

design

Helical gearing—offset

design

Cooling system Water cooling in stator Oil cooling Oil cooling

Parking lock Yes No Yes

Quantity

required

4000/year for 3 years 3333/year for 9 years Not specified

884 Wireless Networks (2022) 28:883–891

123



distributed in the matrix as shown. The implementation of

the adaptive technologies must be followed which increa-

ses the LoA in the directions shown by the arrows. Finally,

this improvement in LoA is measured to determine the

increase in cognitive and physical automation.

2.2 Adaptive assembly concepts

After the thorough literature review phase, four main

concepts were derived. In this section, we will briefly

elaborate the concepts being used to make a system

adaptive. These concepts are selected, as they are most

suitable for ramp-up of high variety, low batch size

assembly by achieving adaptability. The technologies that

must be implemented must be a well-balanced solution of

automated and manual tasks. With this as the focus, the

various concepts have been described below in a nutshell.

Migration manufacturing The number of variants of

each e-axle is increasing considerably with slight varia-

tions. Migration manufacturing helps with a method that

can manufacture these different parts on the same assembly

line by implementing internal loop lines [11]. The use-case

of migration manufacturing with meandering technique has

been explained in [11].

Holonic manufacturing system Holonic Manufacturing

System (HMS) is a concept used for increasing the flexi-

bility, agility, and reconfigurability of the manufacturing

process [12]. Each unit of HMS is represented by an

autonomously working unit called holon [13]. A holon is

defined in the holonic paradigm as a unit that advocates the

use of autonomous and cooperative manufacturing units

[12]. These holons can interact and communicate with

other holons and build a hierarchy, which in HMS is ter-

med as holarchy [13]. If any assembly station breaks down,

a multi-function (MF) station can be utilized to continue

the process. The docking station (DS holon) decides whe-

ther (and when) to divert the part from the main line in case

of a bottleneck and sends a signal to AGV (Autonomous

Guided Vehicle) that transports the picked-up part. Hence,

Fig. 1 Structure of the e-axle assembly (type-B)
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there is coordination between these holons. However, the

assembly stations can still be manually operated [12].

Reconfigurable manufacturing system Reconfigurable

manufacturing system (RMS) can be defined as an inter-

mediate between DMS and FMS [14]. However, the con-

cept of reconfigurability is applicable for a specific part

family of products [2] and customized flexibility [15]. It

bridges the gap between the high flexibility and high cost

of totally flexible machines and the low flexibility and low

cost of fully dedicated machines [16, 17]. Reconfigurability

at lower levels such as machines, cells, and shop floors, is

achieved by changing the hardware resources [14]. The

throughput of RMS is higher than the throughput of FMS,

but is lower than that of DMS for the same investment cost

[18]. There are six core characteristics and principles that

an RMS system can achieve: scalability, convertibility,

diagnosability, customization, modularity and integrability

[18]. Reconfiguration technologies can be implemented on

various aspects of an assembly station such as machine,

inspection, system [18] and small assembly stations. This

system can also be called as a hybrid system where one can

obtain volume flexibility with low investment shown in [7].

The system is economical because the movements are

reduced to minimum [7]. Also, the output can be increased

as the time required by the worker decreases.

Cognitive factory—HMI (human machine interface)

Being cognitive is about flexibility and faster adaption to

change. The easy interaction between humans and machine

is the key success of a cognitive factory. These are assis-

tance systems that actively support the worker. This also

allows automatic knowledge transfer and collaboration

between experts and unskilled workers [19]. Sensors and

actuators form the main basis of the basic interaction

between the assistance systems and humans [20]. As

described in [19], this sensor network can be based on

initial measurement units (IMUs), cameras and processing

units. To simplify the understanding, chosen two functional

cases that can be derived include:

• Input/observation techniques: Hand gesture recogni-

tion—the movement of hands (such as grasping) can be

tracked by the sensors or a camera [21] and this can be

integrated with pick-to-light system for high product

and component variety [8].

• Output modalities: Head Mounting Devices (HMDs)

such as retina display or augmented reality (AR) [22],

are suitable. Visual screen at a static position shows the

next assembly steps [21]. Text-to-speech system can

also be considered as the assembly is noise free [21].

Achieving the right balance between the two dedicated

and flexible manufacturing systems by combining the dif-

ferent concepts explained above would be an ideal way of

achieving the right flexibility. Each approach that has been

studied would ideally fit the assembly line of low volume

and high variety of batch production. Hence, an ideal

direction is to implement the best aspects of each concept

to achieve this flexibility, adaptability, and low costs.

Table 2 summarizes the benefits of each concepts.

These concepts focus on one or more core areas of an

assembly plant along with their Key Performance

LoA (Physical)

Totally automa c 2

Flexible worksta on

Sta c worksta on

Automa c tool handling 1

Flexible hand tool 26 2

Sta s c hand tool

Totally manual 46 15 LoA (Cogni ve)Totally m
anual

Decision giving

Teaching

Q
ues

oning

Supervising

Intervene

Totally autom
a

c

Fl
ex

ib
ili

ty

Flexibility

Q
ua

lit
y

Variant diversity

H
igh

H
igh

High

High Low

Low

Low

Low

Human Assembling 
and Monitoring

Machine/Technique 
Monitoring

Machine Assembling

Fig. 2 LoA matrix
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Indicators (KPIs). For example, if ‘‘throughput’’ is con-

sidered, the concept of HMS, RMS, and Cognitive Factory

achieve this KPI. Likewise, the concept of Migration

Manufacturing focusses on the KPI: ‘‘Area’’ and so on.

These KPIs form the basis as a requirement of an adaptive

assembly for high variety. As shown in Table 3, the con-

cepts focus on four main core areas of the assembly plant

which in turn has several KPIs. Marked ‘‘x’’ indicates that

the concept targets a specific core area.

3 Research direction

With the concepts and their focussing area and KPIs

explained, the technologies to execute these concepts must

be described. These technologies are clustered based on the

features in an assembly plant. These are then categorized

by their level of practicality which is explained in the

further section. Furthermore, they are evaluated subse-

quently to depict the adaptability achieved.

3.1 Derived technologies

Achieving the maximum adaptability in the assembly

process with a high variety of e-axles is the goal of these

concepts. Also, another goal is maintaining the right bal-

ance between the automated systems and manual work

keeping the small volumes, high variety, and finally costs

in mind. To enable this adaptability, as shown in Fig. 3, the

derived morphological matrix has various technologies

based on their Level of Practical Application (LoPA).

These technologies can also be classified individually on

their Technology Readiness Level (TRL) [23]. This matrix

can be served as a building frame for adaptability. The

aspects or features tagged with an asterisk (*) are the

aspects that are being focussed on for the current assembly

type and these aspects have higher practical implications.

3.2 Evaluation techniques

The various technologies specified previously are to be

implemented and verified with the help of verification

Table 2 Benefits of each concept

Parameters Migration manufacturing Holonic

manufacturing

system (HMS)

Reconfigurable manufacturing system

(RMS)

Cognitive factory—

HMI

Ideal for Increasing variants [11] Flexible and

dynamic allocation

of resources [13]

Quick and easy adjustments to new

products [2]

Increasing

productivity [8]

Initial

investment

10–30% less than FMS [11] Higher than DMS,

but lower than

FMS

Lower than automated system [7] High initial

equipment cost

Overall efforts

for

implementing

50–80% lesser compared to

individual lines [11]

Higher initial efforts

than DMS

Depends on the level of reconfigurability Comparatively

lower than RMS

and HMS

Other

advantages

Faster break-even point than an

additional line; 5–14% lesser

variable cost [11]

Increase in

productivity and

throughput [12]

High responsiveness to fluctuating markets

[18]; movements of operator are reduced

to minimum [7]

Pick-to-light can be

used for variety of

tools [8]

Table 3 Concepts, core areas and their KPIs

Concepts

Core

area

KPIs Migration

manufacturing

Holonic manufacturing

system (HMS)

Reconfigurable

manufacturing system

(RMS)

Cognitive

factory—HMI

Layout Area (m2), design of layout 9

Process Throughput, overall equipment

efficiency (OEE), quality

9 9 9

Machine Cost, throughput, quality,

performance

9 9 9

Logistics Time, inventory 9
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models. To help implementing and testing the reliability of

the adaptive systems, the recent approaches which are

explained further, can be enforced. These techniques help

in implementation and verification of the mentioned

adaptive concepts.

FMEA The Failure Mode and Effect Analysis (FMEA)

is done on the current assembly layout (based on e-axle

type-B) to better understand the errors that are occurring

during the process [24]. With 92 tasks in the current

assembly, the human-led errors during the assembly are

studied and a thorough analysis of the severity, occurrence

and detection is done. The values of these parameters are

provided from the plant managers, as they have an over-

view of the manifestation of these errors. Table 4 describes

some of the general errors that occur along with their RPNs

(Risk Priority Numbers). After the implementation of

adaptive technologies, the FMEA is done to determine the

reduced RPN. Therefore, it indicates the reduction in errors

by implementing adaptive technologies.

Simulation model Currently, the assembly process is

completely manual with high process times and this has

been implemented in the assembly model in Plant Simu-

lation tool. The simulation model helps in determining the

bottleneck and the process steps. A bottleneck is defined as

a workstation limiting the production efficiency of the

entire process [25]. The simulation model allows to cal-

culate the effectiveness of various methods and processes

(such as HMI, RMS, etc.) and for a variety of e-axles. The

Fig. 3 LoPA morphological matrix
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creation of simulation model is done by using a seven-step

approach as described by Law [26]. The computer simu-

lation models can be freely improved and further simula-

tions to the improved processes can also be applied freely

[27].

The implementation was done as per the layout and

station timings. The bottlenecks were clearly seen from the

statistic graphs derived from the plant simulation. Fur-

thermore, the changes (adaptive technologies) are also

implemented in the simulation tool to determine the

increase in throughput and efficiency of the system. Also,

with the help of simulation tool, the errors during the ramp-

up production are considerably reduced [27]. Further, a

simulation model can be used to visualize in real time and

focus on the affecting parameters [27]. This approach can

also be linked to the concept of digital twin [28].

Other approaches There are various other methodolo-

gies that are being done to determine the priority of each

concept. Also, further steps of DYNAMO ?? methodol-

ogy as described in [8] will be done. The cost–benefit

analysis is done to improve the process performance. For

example, a pairwise comparison will be done for various

adaptive technologies, an FMEA depicting the benefits of

each adaptive concept, and finally a cost–benefit analysis.

4 Expected results

The adaptive technologies characterized in the research gap

would be implemented to the current manual assembly

thereby making it adaptive. The described verification

models would focus on examining the adaptability of the

assembly process. It could also lead to the integration of

reconfigurable assembly machines for high variety with

human machine interfaces. Another benefit of building an

adaptive assembly is the increase in quality or decrease in

the current manual errors. This has been illustrated by the

FMEA. Furthermore, by implementing these techniques,

the costs of complex machines are relinquished. Hence,

this would form a basis for achieving a high variety error-

free production.
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Table 4 FMEA analysis of current process

Process step/input Potential failure mode SEVERITY

(1–10)

Potential causes Occurrence Detection

(1–10)

RPN

Information/assembly

operations

Poor or missing

documentation—

process description

9 Huge rework and additional times that

causes unknown expenses

9 2 162

Assembly

operations/manufacturing

operations

Operating errors 7 Negligence, unskilled or unqualified,

or no presence of mind

8 6 336

Assembly operations/

information

Longer assembly times

than allocated

9 Missing or unclear workflow structure 10 6 540

Person related/assistive

operations/information

Distraction of the

worker

7 No presence of mind 7 6 294

Wrong decisions for

basic worker

operations

9 Due to lack of management

experience and management skills

or improper recruiting

7 3 189

Ergonomics/assistive

operations/information

Lack of prevention

measures

8 No fixed monitoring techniques 3 5 120

Maintenance Equipment failure 9 Due to Equipment aging or lack of

testing and maintenance

8 5 360

Wrong tools, broken

tools, missing aids

7 Increase in assembly times 6 6 252

Quality Error in quality

inspection

8 No fixed inspection methods 7 6 336
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23. Böckenkamp, A., Mertens, C., Prasse, C., Stenzel, J., & Weichert,

F. (2016). A versatile and scalable production planning and

control system for small batch series. In S. Jeschke, C. Brecher,

H. Song, & D. Rawat (Eds.), Industrial internet of things (pp.

541–559). Cham: Springer. https://doi.org/10.1007/978-3-319-

42559-7_22.

24. Pascu, C. I., & Paraschiv, D. (2016). Study about improving the

quality process performance for a steel structures components

assembly using FMEA method. Applied Mechanics and Materi-
als. https://doi.org/10.4028/www.scientific.net/amm.822.429.

25. Betterton, C. E., & Silver, S. J. (2012). Detecting bottlenecks in

serial production lines—A focus on interdeparture time variance.

International Journal of Production Research. https://doi.org/10.
1080/00207543.2011.596847.

26. Law, A. M. (2009). How to build valid and credible simulation

models. Proceedings - Winter Simulation Conference. https://doi.
org/10.1109/WSC.2009.5429312.

27. Kikolski, M. (2016). Identification of production bottlenecks with

the use of plant simulation software. Engineering Management in
Production and Services. https://doi.org/10.1515/emj-2016-0038.

28. Zhuang, C., Liu, J., & Xiong, H. (2018). Digital twin-based smart

production management and control framework for the complex

product assembly shop-floor. International Journal of Advanced
Manufacturing Technology. https://doi.org/10.1007/s00170-018-
1617-6.

Publisher’s Note Springer Nature remains neutral with regard to

jurisdictional claims in published maps and institutional affiliations.

890 Wireless Networks (2022) 28:883–891

123

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/S0007-8506(07)60062-6
https://doi.org/10.4028/www.scientific.net/amm.789-790.213
https://doi.org/10.4028/www.scientific.net/amm.789-790.213
https://doi.org/10.1023/A:1014536330551
https://doi.org/10.1023/A:1014536330551
https://doi.org/10.9744/jirae.1.1.1-10
https://doi.org/10.9744/jirae.1.1.1-10
http://www.elektromobilitaet-dienstleistungen.de/%3fp%3d3307
http://www.elektromobilitaet-dienstleistungen.de/%3fp%3d3307
https://evobsession.com/electric-car-sales/
https://evobsession.com/electric-car-sales/
https://evobsession.com/electric-car-sales/
https://evobsession.com/electric-car-sales/
https://doi.org/10.1016/j.cirp.2007.10.003
https://doi.org/10.1016/j.cirp.2007.10.003
https://doi.org/10.1108/AA-12-2013-036
https://doi.org/10.1007/978-1-84882-067-8_7
https://doi.org/10.1007/978-1-84882-067-8_21
https://doi.org/10.1016/j.procir.2017.03.176
https://doi.org/10.1016/j.procir.2017.03.176
https://doi.org/10.1080/00207540600905646
https://doi.org/10.1080/00207540600905646
https://doi.org/10.1016/j.jmsy.2011.01.001
https://doi.org/10.1007/s00170-006-0615-2
https://doi.org/10.1016/S0007-8506(07)60452-1
https://doi.org/10.1016/S0007-8506(07)60452-1
https://doi.org/10.1007/s11465-018-0483-0
https://doi.org/10.1007/s11465-018-0483-0
https://doi.org/10.1145/2074712.2074723
https://doi.org/10.1145/2074712.2074723
https://doi.org/10.1109/icme.2007.4285133
https://doi.org/10.1109/MPRV.2015.53
https://doi.org/10.1109/MPRV.2015.53
https://doi.org/10.1007/978-3-319-42559-7_22
https://doi.org/10.1007/978-3-319-42559-7_22
https://doi.org/10.4028/www.scientific.net/amm.822.429
https://doi.org/10.1080/00207543.2011.596847
https://doi.org/10.1080/00207543.2011.596847
https://doi.org/10.1109/WSC.2009.5429312
https://doi.org/10.1109/WSC.2009.5429312
https://doi.org/10.1515/emj-2016-0038
https://doi.org/10.1007/s00170-018-1617-6
https://doi.org/10.1007/s00170-018-1617-6


Muaaz Abdul Hadi is currently

working as a researcher and a

doctoral student at Pro2Future

GmbH and Graz University of

Technology respectively. His

focus area is Cognitive Produc-

tion Systems.

Markus Brillinger is currently

working as a senior researcher

at Pro2Future GmbH and at

AVL List. His focus area is

Cognitive Production Systems

and e-mobility.

Franz Haas is a key scientific

partner at Pro2Future GmbH

and the dean of mechanical

studies at Graz University of

Technology.

Martin Weinzerl is an associate

from scientific partner, AVL

List. His focus area is

e-mobility.

Wireless Networks (2022) 28:883–891 891

123


	Roadmap to an adaptive assembly line for e-axles
	Abstract
	Introduction
	State of the art
	Product and process analysis
	Adaptive assembly concepts

	Research direction
	Derived technologies
	Evaluation techniques

	Expected results
	Acknowledgements
	References




