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Liikkuvien työkoneiden ala on menossa kohti sähköistämistä ja niiden kyydissä kulkeva 

energiavarasto on tänä päivänä toteutettavissa parhaiten litiumioniakustolla. Tämän 

akkuteknologian käyttöön liittyy kuitenkin riskejä, joista osaan vaikuttaa akuston käytössä 

kokema värähtelyrasitus, jota taas osa työkonekäytön sovelluksista saattaa sisältää 

vaativiakin määriä. Värähtely voi myös vaikuttaa muun muassa akuston käyttöikään ja 

aiheuttaa väsymisestä johtuvia rikkoutumisia akuston eri osissa, kuten akkuliittimissä. 

 

Tässä opinnäytetyössä tutkitaan kirjallisuuskatsauksen avulla värähtelyn huomioon 

ottamista liikkuvien työkoneiden litiumioniakuston ja sen kiinnityksien suunnittelussa. 

Työstä huomataan, että tätä aihealuetta koskien ei olla suoritettu paljoakaan tutkimusta 

julkisessa kirjallisuudessa, ja että värähtelyn mallintaminen ja simulointi akustolle on 

ennakoitua hankalampaa. Myöskään standardeja ja vaatimuksia värähtelyn testaamiselle 

liikkuvien työkoneiden akustossa ei ole kehitetty. Lisäksi näyttää siltä, että 

liikenneajoneuvoille osoitetut vastaavat eivät tällä hetkellä ole täysin tyydyttävällä tasolla. 

 

Liikkuviin sovelluksiin on valittavissa kolme akkusolurakennetyyppiä: sylinterimäinen, 

särmiömäinen ja pussimainen. Sylinterimäiselle akkusolulle (18650) on värähtelytesteissä 

löytynyt eräs mekaaninen rikkoutumistapa, mutta se voidaan ottaa huomioon suosimalla 

uudempia ja testeissä pärjänneitä solumalleja. Kaikkien kolmen solutyypin 

värähtelykäyttäytyminen on tällä hetkellä vasta tutkinnassa eikä ymmärrystä niihin olla vielä 

saavutettu. Solutyyppien epäselvän ja epälineaarisen värähtelykäyttäytymisen takia 

kirjallisuudessa on herätty huoleen siitä, että menetelmät värähtelytestauksen 

nopeuttamiseksi ja menetelmät väsymisrasituksen kertymisen approksimoimiseksi saattavat 

olla epäluotettavia. Tapoja värähtelyn vaikutuksen minimoimiseksi ovat rakenteen 

jäykentäminen, solupaikottimien, periksiantavien sähköliitinrakenteiden ja 

vaimennussovellusten kuten kumipehmikkeiden käyttö sekä akuston järkevä sijoittaminen.  
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As the field of non-road mobile machines (NRMM) is going towards electrification their 

powertrains are starting to incorporate lithium-ion battery systems as the main on-board 

energy storage. The use of lithium-ion batteries includes safety risks. Some of the hazards 

can be caused by vibration which in some NRMM applications can come in abundance. 

Vibration can also influence the life of the batteries as well as result in fatigue failures in the 

battery system components and structures. 

 

In this thesis, the consideration of vibration in the design of battery system and its placing 

and fixing onto the NRMM is studied by literature review. It is found that there are not many 

studies currently done on this topic. The difficulty of modelling and simulating vibration on 

vehicle battery systems is found less studied and more complex than anticipated. There are 

no standards or regulations for NRMM applications, and it is found that even for on-road 

electric vehicles the existing ones are currently not fully adequate. 

 

There are three cell types for vehicle applications from which to choose: cylindrical, 

prismatic and pouch. It has been found in literature that for the cylindrical cell type (18650) 

there is a failure mechanic of moving mandrel damaging the tabs inside the cell. This can 

however be considered by choosing newer and qualified inner cell designs. The vibrational 

behaviours of all cell types are currently under study and no proper understanding of their 

failure mechanics have been developed yet. Concerns have been voiced on the validity of 

vibration test acceleration methods and damage accumulation methods due to the complex 

vibrational characteristics and behaviour of the cells under different excitation types. To 

reduce the effects of vibration to the battery system, structural rigidity, cell spacers, 

deformable electric terminals, thoughtful placing of the pack and damping methods such as 

engine rubber padding can be used. 
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1 INTRODUCTION 

 

 

As the greenhouse gas emission regulations in vehicle and transportation industry are 

tightening as a result of the global warming, the move from the usage of fossil fuel powered 

powertrains to cleaner technologies in non-road mobile machinery (NRMM) is accelerating. 

According to Lajunen et al. (2018), the conventional technologies will however not be 

replaced for a long time since they are well studied, reliable and robust with vast existing 

supply chains. There are some NRMM applications that are already successfully powered 

by electricity and some working prototypes have been demonstrated. However, there is need 

for more push from market and manufacturers to get the electric and hybrid electric 

technologies adopted in a large scale. It is estimated that in the short to medium term future 

(up to 10 years) the electrification is slowly advancing from auxiliary devices to power 

assisting to full hybrid electric to full electric. Further, in 2035 it is estimated that 50% of 

NRMM entering market will have electric powertrain technology (figure 1) in them. For 

energy storage, lithium-ion batteries are the current go-to but other battery chemistries may 

emerge more potential in the future. (Lajunen et al. 2018, p. 14–17.) 

 

 

Figure 1. Non-road mobile machinery with electric powertrain technology (Altdrive 

Systems). 
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While the behaviour of lithium-ion batteries over the course of their life is usually 

predictable, there has been rare but hazardous safety events occurring in the applications 

from handheld devices to several kinds of vehicles. These safety events can include 

excessive heat generation, fires or even explosions. Heat problems can in turn be caused for 

example by physical deformations in the battery, internal short circuits and overcharging. 

(Ruiz et al. 2018, p. 2.) Not only vibration can be a cause of internal short circuits (Brand et 

al. 2015, p. 68). It can have a significant effect on temperature rise during charge and 

discharge (Joshy et al. 2020, p. 10). Furthermore, vibration can for example result in a 

reduced battery cycle life and cause durability failures in battery system components such 

as connectors due to induced fatigue (Arora, Shen & Kapoor 2016, p. 1324). In NRMM 

field, there are a lot of applications that include a lot of vibration loading to the machine 

structure conducting all the way to the battery system and the cells inside. In this thesis, 

research is made on how the vibration should be considered in the design of NRMM battery 

systems. 

 

1.1 Motivation 

This research is part of a larger Finnish project called e3Power. It is a collaboration project 

between Turku University of Applied Sciences (TUAS) and LUT University (LUT) financed 

by Business Finland, and supported by companies such as Danfoss, Valtra, EDRMedeso, 

Akkurate and some others. In this project, approaches for design and optimization of electric 

and hybrid powertrains for non-road mobile machinery are of interest. This master’s thesis 

topic is provided by LUT University mechanical engineering research group that works 

towards structural modelling, mechanical design and virtual simulating of the battery system 

in this project. 

 

Most of all the combustion engine vehicle industry in the world is going towards the electric 

or at least hybrid powertrains. This is because the emission regulations caused by the global 

warming. So, the electric powertrains will have inevitably increasing importance in the 

future. Finland is not a major car manufacturing country but in the NRMM market there are 

several successful companies. Some of which are taking part in the e3Power project. The 

results of this research will primarily be taken advantage of by those companies. But 

ultimately this research will take part in advancing the industry towards future technologies 
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that are more environment friendly than today’s technologies. And because the global 

regulations for emissions are tightening fast, that will create business opportunities. 

 

1.2 Research problem 

The partners in the e3Power project are interested in developing their knowledge about how 

to consider vibrational effects caused by heavy duty operation of NRMM to the battery 

system of an electric or hybrid powertrain. It is not fully understood how to best create the 

vibration profile of the loading conducted to the battery from the machine body. The project 

wants means to measure those, and to model and simulate the effects of them in a time period 

to help in designing the structures of the battery system and the structure into which the pack 

is fixed, and a damping or insulating method. The main challenge here is to apply the theories 

of vibration and techniques of vibration measurement to this application. It is also interesting 

to see how much information there is out there that relates to this problem. The potential 

lack of it may cause challenges. 

 

1.3 Objectives 

The objective of this research is to create new information for the e3Power project and its 

participants by answering to the research questions below in the chapter 1.3.1. The 

conclusions of this study are aimed to be such that they provide a useful toolkit for ensuring 

that the vibrational effects are considered in the electrification of non-road mobile machines. 

This study includes the battery system and its fixing and damping. The more detailed outlines 

are discussed in the chapter 1.3.2. 

 

1.3.1 Research questions 

The main research question of this research: 

 

How are vibration considered in the structure of battery system and its fixing in NRMM, and 

how to measure and simulate them to aid the design process? 

 

The sub questions of this research: 

 

How is the vibration conducting from the NRMM body, is there some damping in place? 

 



12 

 

What kind of vibration testing regulations and standards are there for battery systems used 

in NRMM? 

 

How to model and calculate the vibration history of a battery system structure? 

 

How to design and test a damping solution for NRMM battery system? 

 

1.3.2 Scope 

The scope of this study is important to keep tight and valuable to the e3Power project. The 

vehicle type considered is the NRMM and the information found for other vehicle types is 

used towards applying it on the NRMM field. The powertrain can be fully electric or hybrid 

while the battery system of it is the point of focus. Also, the structural environment that the 

battery system is fixed to and the fixing method are of interest because of the conduction of 

the vibration from the machine body to the battery system. The only form of load on the 

battery system that is considered in this research is the physical vibration or something that 

the vibration works in conjunction with. 

 

1.4 Contribution of the thesis 

The expected scientific contribution of this research, or the new information produced is the 

knowledge generated about how to consider, measure and simulate the vibration conducted 

to the battery system from the NRMM body. This information can be used in the NRMM 

industry in the future of electric and hybrid powertrains to aid in designing the battery system 

and its surroundings for longer, more secure and failure free life cycle of the battery. Also, 

not only for the NRMM industry but some of the results of this research could be applied to 

other battery powered mobile machinery with their bodies undergoing significant amounts 

of disturbances, such as rally cars. 

 

1.5 Research methods 

This study is purely a literature review and includes no case studies or experimental analyses. 

It is aimed at providing information on, and mapping of, a topic that is in advance very 

unknown to the thesis worker and the supporting project. In this chapter the qualitative and 

quantitative research methods as well as the validity and reliability of the findings are 

discussed. 
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1.5.1 Qualitative methods 

The data answering the questions “why?” is collected via the method of literature review. 

The resources at hand for this task are the LUT library, all scientific articles et cetera in the 

internet accessible by LUT, all freely available scientific articles et cetera on the internet and 

all freely available information on the internet sites. Tough with the latter two, one must 

practice caution to better verify the source’s trustworthiness. This can be achieved by 

examining for example the source’s popularity, other work and cited by. But concerning all 

sources, the ones from reliable databases such as SCOPUS and with better SNIP-indicator, 

SJR-indicator, IF-value or AI-value for example are always preferred. Some other possible 

qualitative methods of research are the utilisation of LUT research team as well as other 

LUT personnel as sources of information. Also, the other e3Power project partners could be 

of help in the same manner. 

 

1.5.2 Quantitative methods 

Since this study is purely a literature review the common practical research methods, such 

as experimental analysis, are not used in this work. To answer the “how?”-questions the 

literature review can still be utilised in the form of studying the numerical results of any 

studies found useful in the literature. By comparing and examining the results of more than 

one studies, it is possible to yield better validated numerical findings from which it can be 

seen for example how a certain structure gets loaded and how severely. From those, it is 

easier to build an analysis from which in turn conclusions can be drawn and thus hopefully 

create new information. 

 

1.5.3 Validity and reliability 

To ensure reliability in literature review, multiple sources are used when necessary and if 

possible. Caution is used in the ways described in the chapter 1.5.1. The same measures are 

utilized in taking care that the right things are considered and compared in this work. As the 

topic is fast evolving, the highest priority is that the information and findings are based on 

the latest developments which translates to preferring of the newest publication dates. 
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2 VIBRATION IN NRMM BATTERY SYSTEM 

 

 

The non-road mobile machinery are wheeled or tracked vehicles most often designed for 

some specific purpose. They usually work in a certain type of environment and are built to 

perform certain tasks in that environment. The working time of the machines ranges from 

several hours to a full 24 hour per day rhythm. The NRMM can be differentiated into four 

groups considering their purposes. Construction or earth moving machines move and/or 

shape construction or ground materials. Transportation of goods or material handling 

equipment lift and/or move goods or materials. Tractors and agricultural machines work in 

agricultural and forestry tasks. Municipal or property maintenance machines work in 

gardening, cleaning and such tasks and many times on road too. Examples of these can be 

seen in the figure 2. So, despite the NRMM name the vehicles are not necessarily non-road 

machinery, just not intended to travel on public roads. Nowadays the NRMM are being 

tailored specially for a certain task to make them as effective as possible on the job. Now 

and in the future though, as emission regulations tighten, they must also be designed energy 

efficiency in mind. Power demand of the NRMM ranges from 10 kW to several megawatts. 

For example, minimizing energy consumption on an idle time for this kind of machines 

makes a huge difference. (Lajunen et al. 2018, p. 3–4.) 

 

 

Figure 2. Examples of A) an earth moving machine, B) a material handling machine, C) a 

municipal maintenance machine and D) an agricultural machine (Mod. Pixabay 2017a, 2019, 

2017b, 2020). 
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The battery systems used in hybrid electric and fully electric vehicles are much different in 

size as the hybrids have another power source in use too. As illustrated in the figure 3, battery 

systems consist of battery packs, battery packs consist of battery modules and battery 

modules consist of battery cells. Ruiz et al. summarized the definitions of cells, modules and 

packs presented in the SAE J2464:2009 into following (Ruiz et al. 2018, p. 1431): 

- “Cell (C): energy storage device composed of at least one cathode and one anode, 

and other necessary electrochemical and structural components. 

- Module (M): grouping of interconnected cells in series and/or parallel into a single 

unit. 

- Pack (P): interconnected modules including all auxiliary subsystems for mechanical 

support, thermal management and electronic control.” 

 

Battery systems of hybrid electric vehicles usually consist of not more than one battery pack. 

This is often true for larger batteries of fully electric vehicles and larger hybrids too but the 

battery system size, strategic positioning and the methods of the provider can affect this. 

 

 

Figure 3. Differentiation of the battery terminology (Lajunen et al. 2018, p. 13). 

 

Lithium-ion batteries are the most common technology used in electric vehicles (EV) and 

mobile devices today. Around 65% of EVs use it in 2020 and some examples include Tesla 

Model S, BMW i3, Nissan Leaf and Mitsubishi iMiEV. The popularity of lithium-ion 

batteries lies in the higher specific energy, higher energy density and increasing reduction in 

cost in comparison to the alternatives. (Ruiz et al. 2018, p. 1427–1429.) According to 

BloombergNEF, the lithium-ion battery prices have gone down from over 1100 USD/kWh 

in 2010 to 156 USD/kWh in 2019 and are forecasted to drop under 100 USD/kWh in 2024 

(BloombergNEF 2019). Also, Statista has presented the same drop in prices to 156 

USD/kWh in 2019. In 2020, the price drops further down to 135 USD/kWh. (Scerra 2020.) 
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Lithium-ion batteries also hold the advantage of low self-discharge, long lifetime and high 

energy efficiency (Berg, Soellner et al. 2020, p. 1). The technology uses lithium-ions to carry 

the energy between cathodes and anodes. The rechargeable energy storage device is charged 

when the ions move from cathode to anode and discharged when the ions move from anode 

to cathode. There are many alternatives for the cathode material: lithium cobalt oxide (LCO), 

lithium manganese oxide (LMO), lithium nickel cobalt aluminium oxide (NCA), lithium 

nickel manganese cobalt oxide (NMC) and olivine materials for example lithium iron 

phosphate (LFP). Some are safer than others (thermal stability and non-toxicity) and others 

have better energy density. For example, LFP is one of the safest and LCO is one of the more 

energy dense materials. For anode the most popular material is carbon (372 mAh/g 

theoretical capacity (LiC6)) but another new safer alternative, lithium titanate (LTO), has 

emerged providing longer cycle life at the cost of lower voltage. The electrodes are soaked 

in an electrolyte. There are many solvent and salt based liquid alternatives that are most 

popular (for example propylene carbonate and lithium hexafluorophosphate (LiPF6)) but 

newer and safer “non-flammable electrolytes” are coming. Also, solid polymer electrolytes 

are a safer alternative but have lower ionic conductivity. The electrodes are separated by a 

thin microporous membrane most often made of polyethylene (PE), polypropylene (PP), 

their laminate or ceramics. It prevents contact between the electrodes but allows ions 

through. Some of the plastic variants prevent short circuits when temperature rises by 

melting and becoming an insulator. (Ruiz et al. 2018, p. 1427–1429.) 

 

There are three different cell designs used in EVs at the moment (figure 4): cylindrical, pouch 

and prismatic cell design. The first is used by for example Tesla, the second by Mercedes 

and the third by VW and Audi. In the aspect of energy density, the pouch is best followed 

by cylindrical design. However, the prismatic design offers the best packing efficiency while 

the cylindrical is the worst as demonstrated in the figure 5. (Ruiz et al. 2018, p. 1429.) The 

prismatic design offers also the benefit of higher cell capacity which means lower number 

of cells and connections and easier assembly (Berg, Soellner et al. 2020, p. 1). Mechanical 

robustness is the best in prismatic design followed by cylindrical while the pouch design 

requires stronger external constructions due to the much lighter, soft design. Prismatic design 

is the most expensive and the cylindrical the least. In the safety point of view the cylindrical 

design has the risk of expulsion of the jelly roll (rolled up cathode, separator and anode layers 

in a cylindrical casing) under pressure build up but swelling do not occur. The prismatic 
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design has vents for venting the gases under pressure build up but if they are too small or 

clogged there is a risk of explosion. The pouch design does not have venting and is prone to 

swelling but because of the small pressure resistance of the sealing points the gases erupt 

with smaller energy. The pouch design does not force the electrodes into so close contact 

like the others and it could be beneficial in case of a thermal runaway. (Ruiz et al. 2018, p. 

1429.) 

 

 

Figure 4. Cylindrical, prismatic and pouch cell structures (Mod. Our Guide to Batteries - 

3rd edition 2015, p. 6–7). 

 

 

Figure 5. Packing efficiency of A) cylindrical, B) prismatic and C) pouch cells (Mod. 

Shannon & America). 

 

The electrification of NRMM is most commonly done via hybridisation first. There is much 

success already in that field, but the machines are still very expensive as the electrical 

components are costly and the designs complex. However, the lithium-ion batteries have 

now reached such level that is sufficient in terms of power and energy capacity. There is also 

the alternative or possible supplement of supercapacitors that are better at providing high 
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peak powers with better power-to-weight ratio. They however, do not have such specific 

energy that batteries do which limits their utilisation. While in small and indoor 

environments fully electric machines are often preferred, in general the hybridisation is 

nowadays the safer way to go by mitigating the economic and technical risks of battery 

technology. With electric powertrain, in addition to higher cost, come weaknesses such as 

larger size, need of better thermal management, more safety consideration and compromises 

between battery power, capacity and recharging. Also, the manufacturing of batteries comes 

with high emissions, so the technology is not automatically any greener. However, the main 

reasons for electrification lie there with the emissions, lower fuel consumption and 

regulations. It is approximated that hybrid electric machines can reach from 10% up to 50% 

lower fuel consumption. Even up to 75% lower energy consumption is possible with fully 

electric city buses compared to diesel buses. Additional benefits of electrification are such 

as less need for maintenance, more accurate actuating and more flexibility with the 

powertrain. (Lajunen et al. 2018, p. 4–6.) 

 

The most popular electric hybrid powertrain configurations are series, parallel and power 

split (figure 6). In these configurations, there are two power sources: electric battery or 

supercapacitors in combination with internal combustion engine, fuel cells, supercapacitors 

or electric battery. According to Lajunen et al. (2016), all three can be utilized in NRMM 

but the series configuration is the most popular. This configuration is an energy source 

hybrid and uses the same mechanical power delivery with two different mechanically 

uncoupled power sources. It gives the most freedom in the placement of the components and 

do not require many. The parallel hybrid configuration is a powertrain hybrid and gives the 

option to use two different powertrains. This configuration shines for example when the 

powertrain should be small but capable of handling heavier transient loading. The power 

split hybrid configuration offers both the two options of series hybrid’s power sources and 

the two options of parallel hybrid’s powertrains. The design is however more complex 

(specially the mechanical transmission) and needs more components. One good application 

for this is an agricultural tractor for its high volume of production and the benefit of efficient 

mechanical operation under heavy loading of continuous nature. All other more advanced 

configurations are considered as complex hybrids. It should be noted that the figure 6 is a 

simplification in the sense that for most of the NRMM two-wheel-drive is insufficient and 

they require the minimum of four drive wheels. (Lajunen et al. 2016, p. 6–7.) 
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Figure 6. Most common hybrid powertrain configurations (Lajunen et al. 2016, p. 7). 

 

2.1 The effects of vibration to the vehicle battery system 

Mobile machines experience a lot of vibration. Some of it comes from within the machine 

itself, i.e. motors and actuators, and some of it comes from the surrounding environment that 

the machine moves in relation to or collides to, conducting through tires and other interfaces. 

In NRMM, these causes are more numerous, diverse and stronger in comparison to passenger 

vehicles. And so, protecting the battery and other sensitive components from vibration can 

be vital to their safe and reliable functioning. The vibration can be hazardous for a battery in 

a number of ways. 

 

According to Arora et al. (2016) battery packs are sensitive to ambient temperature, vibration 

and pressure. For safe operation of a lithium-ion battery its temperature should be kept less 

than 50 ℃. (Arora et al. 2016, p. 1320.) For best storage capacity, the battery must be 

operated in a temperature range of 25–40 ℃. The temperature increase in the battery is 

naturally caused by discharging and charging of the battery. Heat shortens the life span of 

the battery as the decay is higher in high temperatures in the long run. (Joshy et al. 2020, p. 

1.) When extreme, heat can also set up a thermal runaway that is an exothermic chain 

reaction with battery cells heating themselves by rate of 0.2 ℃/min and rising. This results 

in release of smoke and toxic gases but can cause even fire and explosions. (Arora et al. 

2016, p. 1319–1321.) 
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To control the temperatures, a passive or active battery thermal management (BTM) is used. 

The passive system has a medium that absorbs the heat from the battery and with good 

material properties acts as a heat sink but in the active system the medium is actively cooled 

down using an external cooling method. Joshy et al. studied the effects of vibration to the 

temperature rise during discharge on a battery system with a passive BMT. The discharge 

rate has a great influence on the battery temperature and to the effect of vibration. For lower 

discharge rates the vibration frequency has a significant effect to the temperature rise but 

with higher discharge rates also the vibration amplitude has greater significance. (Joshy et 

al. 2020, p. 2, 10.) In addition to heat build-up, thermal runaway can also be caused by short 

circuits and physical abuse (Arora et al. 2016, p. 1321). 

 

In road vehicles the battery pack structure must be designed so that it restricts relative motion 

between the cells and avoids the natural frequencies similar to the most typical frequencies 

experienced by the vehicle body on road. 0–7 Hz induced by suspension and sprung mass, 

7–20 Hz by powertrain and 20–40 Hz by the vehicle chassis. There can be vibrations 

conducting from the vehicle top portions of up to 100 Hz. (Arora et al. 2016, p. 1319–1324.) 

Also in frequencies above 300 Hz, high energy spikes can occur. These may be caused by 

the electric powertrain or the cooling systems potentially. (Hooper & Marco 2013, p. 6.) One 

of the main reasons to the reduced cycle life of a battery is that due to resonances some 

delamination can happen among the interlayers inside battery cells. The primary reason for 

battery system durability failures lies however in the fatigue experienced by electric 

connectors, subsystems and casings resulting from poor vibration isolation. (Arora et al. 

2016, p. 1324.) 

 

After vibration testing in accordance to SAE J2380 that aims at representing 100 000 miles 

of EV driving, the cylindrical lithium-ion cell 18650 used by many automotive companies, 

made of NCA, did not show significant mechanical or electrochemical deterioration 

(Hooper, Marco, Chouchelamane, Lyness et al. 2016, p. 16–17). They put the NCA 18650 

cell also through a 6 degree-of-freedom vibration test to study better the effects of cell 

orientation but there was no significant distinction between the results (Hooper et al. 2018, 

p. 122). Hooper, Marco, Chouchelamane & Lyness (2016) tested the 18650 cell made of 

NMC with the vibration profiles of SAE J2380 and Warwick Manufacturing 

Group/Millbrook Proving Ground that both represent a road vehicle’s 100 000-mile service 
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life. The study resulted in degradation of cell capacity and impedance, and the effects of cell 

orientation and state of charge (SOC) were studied but understanding on their influence was 

not reached. (Hooper, Marco, Chouchelamane & Lyness 2016, p. 17, 21, 24.) 

 

Berg, Spielbauer et al. put 18 different 18650 cell types into test with the SAE J2380 

vibration profile and an upscaled version of it. None received any damage in the standard 

test but there were two cell types in the upscaled test that suffered damages to the negative 

tab because of a loose and moving mandrel inside the cell. (Berg, Spielbauer et al. 2020, p. 

12.) Also Brand et al. received the same kind of results after a shock test according to UN 

38.3 T4 and their 186-day long-term vibration test when they studied the 18650 cells. In 

addition, however, the damages resulting from the long-term tests included even a hole 

punctured by the mandrel and some internal short circuits. In the UN 38.3 T3 vibration test 

some loose mandrels were detected but the cells were otherwise fully functional. They 

conducted the same tests to pouch cells too but no degradation or failure were noticed. 

(Brand et al. 2015, p. 67–68.) Also in the study of Berg, Spielbauer et al., the damages did 

not render the 18650 cells electrically unfunctional and no electrical degradation were found. 

While the mandrel design seems risky, by considering this and choosing a qualified inner 

cell design, the on-road vibrations should be endurable. (Berg, Spielbauer et al. 2020, p. 12.) 

 

Hooper & Marco experimented with a set of NMC laminate pouch cells and came into 

conclusion that the first four natural frequencies occur in the range of 191–360 Hz and are 

not dependent on SOC. This range is fully above the range 0–150 Hz that is considered the 

most concerning with on-road vehicles meaning that these cells are not much excited by 

vibrations in normal EV usage. (Hooper & Marco 2015, p. 258.) Berg, Soellner & Jossen 

found out that lithium-ion pouch cells’ structural response is influenced very little by SOC 

or lithium intercalation but significantly more by thermal expansion and cyclic aging (Berg, 

Soellner & Jossen 2019, p. 14). The behavior of the structural response of prismatic cell 

differs from pouch cell significantly in the case of elevated temperature as the damping ratio 

respectively decreases as opposed to increasing (Berg, Soellner et al. 2020, p. 14).  
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2.2 Placement, fixing and damping of battery pack 

An example of an NRMM battery system can be found in the study of Hentunen et al. (2013). 

They use a commercial pack (figure 7) consisting of Kokam modules and SLPB 100216H 

lithium-ion pouch cells. The product does not have any cooling system and has insulators 

between the cells which hinders the effective cooling. The application of underground 

mining load-haul-dump loader requires Hentunen et al. to make additional improvements in 

the form of air-cooling fans and a battery management system (BMS). There are aluminium 

bars mounting the modules together by their sides. They also fix the plastic covers of the 

pack. The pack is connected to the vehicle frame via rubber suspension parts fixed to the 

bottom aluminium assembly plate. The top aluminium assembly plate connects lifting 

eyebolts and connection box including the main BMS, fuses, contactors, measurement 

components, pre-charge circuit and a monitor display to the pack. According to the authors, 

the safest place for the pack on the application is between the rear wheels because of the 

rigidity of the frame in that area and good protection to all directions. Vibration tests have 

not been carried out but the authors claim that the structure handles any shocks and vibrations 

in the application duty easily. (Hentunen et al. 2013, p. 3–5.)  

 

 

Figure 7. The battery pack used in the study of Hentunen et al. (2013). A) Pouch cells inside 

a module, B) a module with full covering and additional cooling unit in the front face, C) 

illustration of the air cooling, D) the battery pack with full covering, rubber suspension on 

the bottom, lifting eyebolts and the connection box including the main BMS on the top. 

(Mod. Hentunen et al. 2013, p. 4–5.) 
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2.2.1 Supporting the battery system 

All directions are susceptible to vibration in most vehicle applications, in NRMM no less. 

According to Arora et al. (2016), at least in road vehicle application the vertical direction (z-

axis) is the most severe but in addition to that, battery modules and packs must be stabilized 

also in lateral direction. This is often achieved by compression. One example of such strategy 

is in the US Patent 7507499. (Arora et al. 2016, p. 1324.) The patent includes a battery tray 

that consists of three rectangular frames illustrated in the figure 8. The tray supports the 

battery system and connects it to the vehicle frame. There is one set of modules secured in 

each of the three frames resulting in three battery packs. The set of modules is compressed 

by the frame from the lateral directions utilizing friction to keep the modules supported in 

the vertical direction. The plastic frame is compressed by tensioning bolt system inside 

between the aluminium corner pieces. There are L-shaped damping pads in the corners of 

the frame and flat damping pads in between each battery module close to the higher and 

lower edges of the facing module sides. The middle frame is bolted on the outer frames so 

that there is no contact to the surrounding battery modules. (Zhou, Husted & Benjamin 2009, 

p. 1–10.) 

 

 

Figure 8. Illustration of the battery module compression frame in the US Patent 7507499. 

A) L-shaped damping pads in the corners of the frames, B) the upper flat damping pads in 

between the adjacent battery modules. (Mod. Zhou et al. 2009, p. 2.)  
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2.2.2 Anti-vibration electrical terminals 

Vibration poses a threat to the reliable function of the electrical connections of the electrode 

terminals. Usually battery packs utilize bolted or welded connections, but these can get loose 

or develop cracks during the life cycle of the battery. The US Patent 8580427 tackles this 

issue with an electrode terminal connection design illustrated in the figure 9. The patent uses 

elastically deformable conductive material on the tapered pillar terminals to allow fixing of 

the connection member while not letting it detach during use. Materials like this are for 

example 6000-series aluminium alloy and beryllium copper alloy. (Arora et al. 2016, p. 

1325.) 

 

 

Figure 9. Illustration of the electrode connection in the US Patent 8580427. A) Terminals 

are connected in series via a plate-shaped member, B) the member is connected to a tapered 

shape pillar electrode made of elastically deformable conductive material, C) the cut 

segments of the pillar are closed when inserted into the member through hole, D) the design 

includes a fixing member that is connected to the plate member and wedges the pillar 

segments keeping them open, E) and F) illustrate the design variation that helps in inserting 

the pillars in the connecting plate member through hole. (Mod. Oya 2013, p. 1–5.) 
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2.2.3 Battery pack placement 

There are many things to consider in the placement of a vehicle battery system. The order of 

importance can be very different depending on the type of application of the vehicle. Usually 

in road vehicles the lower centre of body is the most effective location. According to Arora 

et al. (2016), the thermal perspective demands maximization of heat dissipation by enabling 

sufficient air circulation. From the point of view of electrical safety, the battery system must 

be located outside of any cabin space for passengers or operators as it includes high voltage 

components that can pose a threat. The effective usage of space is important and restricts the 

size and design of the battery support structure. (Arora et al. 2016, p. 1328.) These 

perspectives could result in preferring to locate the battery away from the centre of a road 

vehicle as it already locates the passenger cabin and the outer regions of the vehicle body 

are closer to the supply of cooling air. Also, the ground clearance for the road vehicles is 

limited. Similarly, in NRMM these perspectives might result in location on the outer regions 

of the vehicle. Though, in many NRMM the operator cabin is not actually in the centre of 

the vehicle and the height of the vehicle as well as ground clearance can be more variable.  

 

For road vehicles, there are however more recommendation for the battery position in 

vehicle centre. According to Arora et al. (2016), to protect the battery system from any 

impacts and crashes, the front and the rear of the vehicle are not ideal locations. From the 

point of view of vehicle dynamics, a recommended location for such a mass is in the lowest 

region of the body to lower the centre of gravity. This minimizes the experienced fatigue 

and stresses in the vehicle body. Weight distribution also has a positive effect on the 

vibration isolation characteristics of the vehicle. The support structure can also assist in the 

rigidity of the vehicle body. By a strategic placement underneath the passenger seats in 

Chevrolet Volt, the battery system structure contributes to the 25 Hz vehicle body bending 

stiffness. (Arora et al. 2016, p. 1328–1330.)  

 

While these are very important perspectives to consider in the on-road applications, it is not 

of importance in NRMM how the vehicle handles at speeds and corners. Also, while the 

risks of collision to surroundings more than other moving vehicles are real on many 

applications, the speeds are much lower and the vehicle bodies more sturdy and rigid. The 

NRMM bodies often have more mass and volume on the outer regions compared to road 

vehicles. This means extra protection from impacts and more freedom in space usage and 
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design. So, depending on the NRMM application, there may be more or less freedom in 

locating the battery system. In any case, the better rigidity and weight distribution remain as 

attractions of low-central battery system location. 

 

2.2.4 Engine rubber-, hydraulic fluid-, active- and semi-active mounts  

Engine rubber padding is the simplest way of reducing vibration transmission from vehicle 

chassis to the battery system or from vibrating systems such as motors or hydraulics to the 

vehicle chassis. But there are also other options. According to Nguyen & Elahinia (2008), 

the designer of mounts is facing a challenge of creating a solution that effectively provides 

isolation by being dynamically soft but at the same time stiff enough that the connected parts 

are securely attached. Engine mounts are a well-studied and very effective method to 

reducing vibration. However, they have a weakness of increasing dynamic stiffness through 

increase in frequency.(Nguyen & Elahinia 2008, p. 195–197.) 

 

Hydraulic fluid mounts are another passive isolator type, and they can provide much larger 

static stiffness than rubber mounts while being able to have smaller dynamic stiffness at a 

specific frequency. The mount can be tuned to have this specific frequency matching with 

the application excitation and provide good isolation for that frequency. This type of mount 

does not handle resonance frequencies well however as its performance suffers on those over 

time. (Nguyen et al. 2008, p. 195–197.) 

 

Hydraulic active mounts have solenoid linear actuators combined to the hydraulic fluid 

mount. They allow the changing of the mount’s performance according the estimations of a 

controller on the changing application vibration characteristics. Honda uses this kind of 

damping system paired with their cylinder-on-demand technology from the early 21st 

century. The vibration isolation stays good even when changing between the use of six and 

three cylinders on the fly for better power delivery or fuel economy respectively. (Nguyen 

et al. 2008, p. 195–197.) 

 

The semi-active mounts have two settings which can be designed to perform differently 

according the application. The hydraulic fluid in these mounts is magnetorheological (MR) 

fluid that has iron particles of micrometres size in it. As a part of this kind of mount (figure 

10), there is an electro-magnetic coil that with electric current set on or off can create a 
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magnetic field or let the fluid remain unaffected respectively. By setting the magnetic field 

on, the damping properties of the MR fluid can be changed. It is possible to have vibration 

isolation over a wide range of frequencies. (Nguyen et al. 2008, p. 195–197.)  

 

In NRMM applications, it must be determined by the duty cycle vibration data if the case 

needs more advanced damping methods than the basic low-cost elastic engine rubber. There 

may be cases where the engine rubber does well on the normal running where it has been 

designed to but there might for example be rarer situations where the effect of the mounting 

does not help or is actually even harmful because of the low stiffness. If the application 

includes a specific frequency that is especially active, the passive hydraulic fluid mounts 

could be useful. But they too do not fit well into applications with wider ranges of especially 

active excitation frequencies. In these cases, it would be beneficial to consider the level of 

severity of the vibration and determine if it is worth to consider semi-active mounts or even 

active damping. In NRMM, there could for example be applications where there are tools 

that are operated at different speeds occasionally, or different tools or tool variants connected 

to the chassis via a shared system. And just like in the case of Honda cylinder-on-demand 

technology, there would be vehicle automation switching the damping according to the use 

of the tools carried by the NRMM in question. 

 

 

Figure 10. Illustration of a small semi-active mount using MR fluid to control damping (Ahn 

et al. 2005, p. 129). 
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2.2.5 Cell spacers 

Cell spacers (figure 11) are rigid spacers put between cells in a battery module to not let the 

cells move from their individual positions. The design of the cell spacers is mainly dependent 

on the type of the cells. The function of cell spacers is, as mentioned, to keep the cells in 

place but while doing so they should be as light weight as possible to enable good specific 

energy (Wh/kg) rating and to cover the surfaces of the cells as little as possible enabling 

more efficient cooling. Because the prismatic cell design is prone to expansion as the internal 

cell windings experience spring forces the cell spacers are tasked to also maintain some 

binding pressure. Cell spacers are an important factor in restricting relative cell movement 

that may cause battery failures resulting from vibrations, impacts and thermal runaway. This 

way also the thermal management system is kept working correctly. (Arora et al. 2016, p. 

1322–1330.) It would be interesting to see some studies on the possibility of cell spacers that 

provide damping also. This would of course result in some relative movement between cells 

inside a module. But if the clearances would be kept large enough it would be interesting to 

see if it worked without risks and if it brought any benefit. 

 

 

Figure 11. An example of cell spacers with cylindrical cells in a US Patent 8481191 from 

a) above and b) side view(Mod. Hermann 2013, p. 1–4). 
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2.2.6 Latest developments in EV cylindrical cell battery technology 

In the Tesla Battery Day held on September 22nd, 2020, Elon Musk and Tesla came out with 

new ideas to boost the cost reduction trend of battery packs. The problem was that battery 

building cost reduction had already started plateauing for Tesla going into 2020. They were 

then encouraged to rethink how the cells are designed and produced and how the packs are 

integrated into vehicles and now has a plan to halve the costs of battery pack making. Tesla 

is one of the companies using the cylindrical cell design. In 2008, they started using the 

standard 18650 cell after which they moved to a slightly larger one in 2017 providing 50% 

more energy capacity per cell as seen in the figure 12. These cells use the traditional tab 

design illustrated in the lower left corner of the figure 12 which utilizes singular tabs to 

connect the jellyroll into the electric connectors of the casing and convey all the current in 

cases of charging and discharging. (Tesla Battery Day 2020.) 

 

It was recognized that by increasing the size of the cell much further the manufacturing costs 

decrease and the performance increases up to a point as illustrated in the figure 13. They 

came up with a sweet spot of 46 mm outer cell diameter and the new 4680 cell. In cylindrical 

cells the first two characters in the name tell the outer diameter and the second two the outer 

length of the cell. So, in comparison to the previous designs, the new is over double the 

diameter. However, there is a growing thermal problem with the tabs as the cell diameter 

increases which greatly decreases the supercharging performance. Not only that, in 

manufacturing phase, the tabs require the winding machine to stop on every tab slowing the 

process down. Because of these challenges, a whole new tabless design of which there is a 

hint in the lower right corner of the figure 12, was developed. (Tesla Battery Day 2020.) 

 

In the new design, instead of singular tab, there are now dozens of connections along the full 

width of the rolled foil. As it is rolled up, the connectors from a spiral and a full face of 

electrical connection accessing the full foil with minimum length electrical pathway. This 

way the electrical path length is decreased from 250 mm to 50 mm which almost fully 

removes the thermal problems. In manufacturing, the machines can run continuously and 

thus speeding up the process. The new larger tabless design also provide a better power-to-

weight ratio than the smaller cells with tabs. Out of Tesla’s total planned battery pack cost 

reduction of 56% including also developed manufacturing methods, factory efficiency, 
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cathode and anode materials and vehicle integration, 14% reduction to USD/kWh is achieved 

by this new cell design. (Tesla Battery Day 2020.) 

 

 

Figure 12. Tesla's work on their cylindrical cell type is illustrated here. The lower left corner 

illustrates the traditional tab design and the lower right corner provides a hint of the new 

2020 tabless design. (Mod. Tesla Battery Day 2020.) 

 

 

Figure 13. Tesla's results on the cylindrical cell size performance investigations indicate that 

the best diameter for the cell is 46 mm (Tesla Battery Day 2020). 



31 

 

Another 7% of reduction to the costs of battery pack making is achieved by developed 

vehicle chassis integration. Tesla moves to making the vehicle chassis out of only three huge 

cast pieces. For this, they have developed an aluminium alloy that requires no heat treatment 

or coating. In the Figure 14, it can be seen that the front and rear aluminium frames are fixed 

onto the ends of the black middle piece that houses the battery system. The new battery 

system is not only used as an energy source but also as a structural member. The battery cells 

are glued to the upper and lower sheets with flame retardant adhesive forming a honeycomb 

sandwich-like structure where the cell casings are used to transfer shear loads between the 

upper and lower sheets resulting in a very stiff structure. So stiff that even as a convertible, 

a car with this chassis would be stiffer than a regular car. The cells are packed more densely 

as any intermediate structure in the battery system is unnecessary which improves 

volumetric and mass efficiency of the battery. The new structure saves so much mass in the 

rest of the vehicle that it is lighter than the previous even without the excess battery support 

structure. The mass can be placed more tightly in the middle of the vehicle to improve 

handling and to be kept further away from the crash zones. Furthermore, the casts help in 

transferring loads to the battery in a smoother fashion resulting in less point loads. According 

to Elon Musk, “In long term, any cars that do not take this architecture will not be 

competitive.” (Tesla Battery Day 2020.) 

 

 

Figure 14. Tesla's new three-piece cast chassis is illustrated here. The front and rear 

aluminium casts are fixed onto the ends of the black middle section holding the structural 

battery system. (Tesla Battery Day 2020.) 
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Tesla is the leading on-road electric vehicle manufacturer at the moment and aiming to 

remain at the front lines of vehicle electrification for decades to come. But they are working 

also as pioneers in an industry to push it forward so that the global environmental problems 

can be addressed as quickly and effectively as possible. Thus, there is no doubt that they are 

advancing in a right direction with their developments. But their application has so far been 

on-road vehicles only which must be remembered considering NRMM applications. That 

said, some of their vehicles, for example Plaid Model S and Roadster, are made to perform 

at the highest on-road level so there must be serious vibration at play that they are aware of. 

 

From the vibration standpoint, as Tesla keeps developing their cylindrical cell design, it 

seems that as a cell type it can handle vibration loads well enough to their applications. The 

vibration inflicted damages to the cylindrical cells talked about in the chapter 2.1 included 

damages to the tabs caused by a loose mandrel. They were even able to cause punctures in 

the roughest tests. While it is not clear from the Battery Day 2020 if the new Tesla cell design 

uses mandrels, it at least no longer uses tabs. This means that there are no tabs to get 

damaged. There are the spiralled connectors but even if some were to get damaged, there are 

dozens more. It also looks like there could be a positive impact on jellyroll deforming as the 

spiralled connectors are evenly distributed on the edge of the rolled foil and there might be 

enough compression and friction on the spiral to not allow any movement perpendicular to 

the cylinder length. Furthermore, the connector spiral could potentially provide some 

damping in the direction along the cylinder length. It would be interesting to see studies on 

this matter. 

 

The structural battery system is also an interesting development. The cell casings are trusted 

enough to let them carry loads. The sandwich structure results into a very stiff structure and 

the cells are glued tightly to place. From the vibration standpoint, the rigidity and tight 

mounting of cells resulting potentially in non-existent relative cell movement are good news. 

However, as the battery is now a direct member of the chassis structure, there is little 

possibility to separate it from the all-chassis vibrations with dampeners. 
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2.3 Battery module vibration testing and standards 

NRMM work in various environments depending on the application. Some more hazardous 

than others. On-road vehicles such as passenger cars have a relatively defined vibration 

loading throughout their life. There are standardized vibration tests set for batteries of these 

vehicles. However, there are endless applications in the NRMM sector and all of them have 

a different vibration profile which means that standards for these do not exist. In this chapter 

however, the most common EV standards and their testing methodologies are compared. 

 

There are three types of excitation used in the vibration tests: random excitation, continuous 

sinusoidal excitation or sine sweep excitation. The first is the most common nowadays as it 

excites all the frequencies at the same time and thus if there is more than one resonance their 

interactions together can also be noticed. It has smaller amplification than the sinusoidal 

ones, but it represents the realistic application better if the vibration is going to be broad-

banded. In contrast, the sinusoidal excitations are done in one frequency at a time. The sine 

sweep goes through all the frequencies in the range of the test and the continuous focuses 

only to the natural frequencies of the test object. If the application has a narrow-banded 

vibration these methods can be more realistic. They can also be used as a time forced test or 

to compare vibration resistances. Because of these different methods of excitation the 

standards cannot be directly compared but by using calculated power spectral densities 

(PSD), fatigue damage spectrums (FDS) and shock response spectrums (SRS). (Kjell & 

Lang 2013, p. 2.) More about these in the chapter 2.4. 

 

All the standards and documents in the table 1 and table 2 provide vibration tests for lithium-

ion batteries simulating the use of an on-road vehicle except the UN Transportation Testing 

(UN/DOT 38.3) that considers the shipping safety of lithium-ion batteries. The vibrations in 

road transport and road use are however not too dissimilar. The ECE R100 is the only one 

that requires the testing of only one direction, i.e. vertical. All the rest require three 

directions, though the IEC 62660-2 and UN 38.3 have similar severity tests on all directions. 

(Kjell et al. 2013, p. 4–7.) However, Hooper & Marco found out during their study that in 

all three directions different vibration loads are experienced and thus this should be 

considered in the standards (Hooper & Marco 2014, p. 518). The ISO 12405 is the only one 

with different spectra for all three, including transverse and longitudinal directions. USABC 

has both sinusoidal and random excitations as options for the tests of which the first is more 
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severe. The IEC 62660-2 is intended mainly for cells and is used in the ISO 12405 electric 

device test too. Therefore, the test is aimed for more severity on the higher frequencies and 

ranges all the way to 2000 Hz. The UN38.3 test for transportation robustness is the most 

severe of all in the range of 25–200 Hz as seen in the figure 15 and figure 16. The second 

ISO 12405, ECE R100 and USABC/SAE J2380 are intended mainly for modules and packs. 

The ISO 12405 is the most severe for the lowest frequencies going down to 5 Hz and can 

deal a lot of damage there for bigger structures like a whole battery pack. This test is long 

and the amplitudes only moderate which is why the FDS shows severity but the SRS does 

not. (Kjell et al. 2013, p. 4–7.) According to Ruiz et al. (2018) the ISO 12405 is the only 

standard considering ambient temperature variation, i.e. +25 ℃, +75 ℃ and -40 ℃. They 

point out however that while the temperature variation has a very probable effect, occurrence 

of such extreme external temperatures would require malfunctioning of the thermal BMS. 

(Ruiz et al. 2018, p. 1439.) 

 

Table 1. The specifications of the standards IEC 62660-2, ISO 12405 and SAE J2380 (Kjell 

et al. 2013, p. 5). 

Name IEC 62660-2 ISO 12405-1 SAE J2380 

Headline Secondary lithium-

ion cells for the 

propulsion of elec-

tric road vehicles 

Electrically propelled road vehicles – 

Test specification for lithium-ion 

traction battery systems 

Part 1- High power applications 

Vibration testing 

of electric vehicle 

batteries 

Object 

Cell/Module/Pack/ 

Electronics 

Cell Electronic 

devices on the 

batteries. Same as 

IEC 62660-2 

Pack 

(including 

electronics) 

Pack / Module 

Directions Three directions Three directions Three directions Three directions 

Vibration mode 

Sinus/Random  
Random Random Random Random 

Frequencies 

(Hz)  
10-2000 10-2000 5-200 10-200 

Acceleration 

(g)  
3 (rms) 3 (rms) 1.44 (rms) 1,9-0,75(rms) 

Time/axis 

(hour)  
8 8 21 >13.6 

State of Charge 

(SOC) before test  

100% (EV), 

80% (HEV) 

N/A 50% after two 

standard cycles 

100%, 80% 

and 40% 
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Table 2. The specifications of the USABC manual, ECE R100 regulation and UN 38.3 

manual (Kjell et al. 2013, p. 5). 

Name  USABC ECE R100 UN 38.3 

Headline  Electric Vehicle Battery Test 

Procedures Manual 

Regulation No. 

100-2 

38.3 Lithium 

Battery Testing 

Requirements 

Object  

Cell/Module/Pack/ 

Electronics  

Pack/Module/Cell 

Same as SAE J2380 

Pack/Module/ 

Cell 

Module/Cell Pack/Module/ 

Cell 

Directions  Three directions Three directions Vertical Three directions 

Vibration mode  

Sinus/Random  
Random Sine Sine Sine 

Frequencies  

(Hz)  
10-200 10-200 7-50 7-200 

Acceleration  

(g)  
1,9-0,75(rms) 5-0,75 1-0,2 1-8 

Time/axis  

(hour)  
>13.6 6 3 3 

State of Charge 

(SOC) before test  

100 %, 80 % and 40 % > 50% 0% and 100% 

 

 

 

Figure 15. FDSa of the standards for vertical direction with the continuous sinusoidal of the 

USABC assumed at 10 Hz (Kjell et al. 2013, p. 7–8). 
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Figure 16. SRSa of the standards for vertical direction with the continuous sinusoidal of the 

USABC assumed at 10 Hz (Kjell et al. 2013, p. 7–8). 

 

These test profiles of the standards while used for representing electric road vehicle usage 

are not actually created by measuring from the battery systems of EVs or hybrid electric 

vehicles (HEV). They are in fact derived from the existing conventional vehicles’ data 

measured from the locations near where a battery could be located. (Hooper et al. 2014, p. 

518; Ruiz et al. 2018, p. 1437.) This could lead to designing of the battery system more 

robust than it needs to be (Hooper et al. 2014, p. 518). 

 

The standards are intended for representing long term driving and the vibration endured 

during it to test the durability of the batteries and find design flaws (Ruiz et al. 2018, p. 

1437). However, it seems that most of the standards do not represent vehicle life but are 

short term abuse tests. And thus, not designed to test the durability of the whole battery 

system but the fail-safe function of the battery pack. Additionally, by comparing to the 

results of a study where three EVs were durability tested on Millbrook Proving Grounds’ 

different road surfaces in a way that represents 100 000 miles of road use, it can be deduced 

that there could be vibration loading that the standards do not include to their ranges. If the 

EVs are generally more used in the urban roads than conventional vehicles it may make them 

more susceptible to vibration peak loads (Hooper et al. 2014, p. 518.) 

 

Also Berg et al. suspects that the current existing standards may not be sufficient enough as 

there is so much variation amongst them (Berg et al. 2019, p. 2). According to Hooper et al., 
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it is important to consider the effects of frequencies from 0 to 7 Hz too as they are well 

present in most of the road surface conditions. But because frequencies below 5 Hz require 

a special long stroke shaker table and standards aim to enable the use of a wider range of 

shakers, those frequencies are not validated. (Hooper et al. 2013, p. 4.) 

 

While the most important type of vibration in the automotive sector is stochastically 

distributed random vibration presenting the rough road surface conditions, deterministic sine 

type of vibration, single or multi sine, represent the periodic nature of movement in 

helicopters and power tools better (Berg et al. 2019, p. 2). This implies that in some 

applications of NRMM the consideration of not only random vibration but sinusoidal could 

be needed. Not only some concerns about the methods and details of the standards have been 

raised but they also are not representing the applications of NRMM that tend to be not only 

different in type sometimes but can be more or less severe. Thus, they should not be used 

with NRMM as defining factors or guidelines but as aid for designers who understand the 

requirements of vibration durability. 

 

2.4 Vibration testing data and damage 

The Power Spectral Density (PSD) is used to specify most of the random vibration tests. It 

is mathematically well defined and is today calculated by Fast Fourier Transform (FFT). 

However, it does not speak much about the damage amounts the vibration inflicts. Sure, 

higher levels of PSD in a time frame means more damage than lower levels but the actual 

degree is not clear. This means that it is impossible to compare all the different tests with 

different types of excitations. Therefore, fatigue damage spectrums (FDS) and shock 

response spectrums (SRS) are commonly used. (Kjell et al. 2013, p. 2–6.) They are based on 

only simple damage mechanisms as opposed to the greater complexity of real world and thus 

require some “engineering judgment” as put by Kjell et al. (2013, p. 3). But they indeed are 

damage related and thus good for the comparison task (Kjell et al. 2013, p. 6). 

 

The PSD is plotted as acceleration (g2/Hz) vs. frequency (Hz), the FDS as damage vs. 

frequency (Hz) and the SRS as acceleration amplitude (g) vs. frequency (Hz). An example 

for these can be seen in the figure 17. The maximum peak amplitudes of extreme shock 

loading are determined using the SRS. These are cases with potential to cause an immediate 

failure in the system under load. Structural failure is a result of an excessive strain-energy 
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which is in a vibrating system more proportional to displacement than to acceleration. 

(Halfpenny & Walton 2010, p. 1–9.) In fact according to Halfpenny et al. (2010, p. 2), “the 

damaging effect of acceleration is seen to reduce with square of the frequency”. The 

frequency of the vibrating system is thus important to consider along with the acceleration 

amplitude (Halfpenny et al. 2010, p. 2). 

 

The SRS is generated by filtering the measured acceleration signal through a single-degree-

of-freedom (SDOF) transfer function of a system natural frequency and plotting the greatest 

amplitudes of these filtered signals for all the natural frequencies in the plot range. Fatigue 

damage is different and is accumulated over time as the system vibrates at moderate levels 

and the FDS is used to capture it. (Halfpenny et al. 2010, p. 1–4.) 

 

The FDS is generated the same way than the SRS but instead of finding the maximums from 

the filtered signals, the response displacements are counted by using the rain flow cycle 

method and turned into damage with help of the S-N curve and the Miner’s linear damage 

accumulation rule towards the frequencies in the full final plot. The calculated FDS fatigue 

damage from different usage scenarios can be summed up for a lifetime damage profile. 

From this profile, a much shorter test profile can be generated including the same amount of 

damage representing the lifetime. (Halfpenny et al. 2010, p. 1–7.) 

 

The SRS and FDS can both be generated from the measured acceleration signal in a time 

domain as stated above but the time signal should be very long with very high sampling 

frequency. While the approach is quite simple, it demands computing power and is prone to 

human error. The spectrums can also be calculated from PSD and sine sweep tests. For this 

task, there are approximations that assume a broad banded fairly flat profile of the input PSD 

with no significant peaks and a narrow-banded response. The approximations are sufficient 

for general comparative analyses but there are also more advanced and accurate methods 

that also allow more options for test sweep types. (Halfpenny et al. 2010, p. 1–9.) More 

information on generating the FDS and SRS, equations for the time domain method and the 

approximations can be found from the Halfpenny et al. (2010) paper. 
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Figure 17. Example of a PSD and its corresponding SRS and FDS with comparison between 

their approximations and an advanced methods (Halfpenny et al. 2010, p. 8). 

 

2.5 Example of vibration load measurement and testing of an application 

As an example of measuring application vibration loading, utilizing the spectrums and 

conducting vibration tests, a study by Choi et al. is looked at here. They studied vibration 

inflicted damage on their electric vehicle battery bracket to ensure its safe usage and map 

out any need for optimization. The battery module and bracket combo weigh 40 kg and is 

located above the rear axle in the trunk of a passenger vehicle. (Choi et al. 2011, p. 851–

852.) 

 

To measure the application vibration loading, Choi et al. used four accelerometers placed to 

the corners of the battery bracket. They gathered acceleration data from driving on 

expressways, unpaved roads, city streets, national highways and local roads according the 

“actual driving distance” in the table 3. The “standard distance” describes the commonly 

used profile of passenger vehicle’s 160 000 km life. “Driving time” includes time at stops 

also and “Expansion factor” is the multiplier required to expand the measured data to 

represent the 160 000 km standard distances. In addition, the application vibration history is 

measured utilizing proving grounds to represent the same standard distance of 160 000 km. 

(Choi et al. 2011, p. 852–853.) 

 

By using S-N curve and Miner’s Rule, Choi et al. generated virtual damage calculations from 

the acceleration data. This was done with the acceleration values and not stress values. After 

calculating the virtual damages for the real road measurements and the proving ground 

measurements, it was possible to compare the two vibration histories (table 4). Choi et al. 

used the proving ground vibration history to conduct a six degrees-of-freedom acceleration 
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test because the real road history would not have provided time gain. As it can be seen from 

the table 4, the Z-axis (vertical) in this application is by far the most severe. Considering 

this, the vibration history of the four that is closest to the real road vibration history (has an 

RMS (root mean square) value of less than 15%) is selected. In this test, they used a MAST 

(Multi-axial Simulation Table) kind of which is shown in the figure 18a. The results of this 

test did not include structural failure of any kind or signs of one beginning to appear in the 

bracket. This would suggest that the bracket will last through its intended life of 160 000 

km. (Choi et al. 2011, p. 853–855.) 

 

Table 3. On road vehicle standard driving distance and measured vibration samples (Choi 

et al. 2011, p. 853). 

 Standard distance Actual driving 

distance 

Driving 

time 

Expansion 

factor 

Expressway 48000 km (30%) 1430 km (45%) 1080 min 33.57 

Unpaved road 6400 km (4%) 65 km (2%) 138 min 98.46 

City street 36800 km (23%) 358 km (11%) 817 min 102.79 

National highway 46400 km (29%) 1220 km (38%) 1392 min 38.03 

Local road 22400 km (14%) 127 km (4%) 173 min 176.37 

Total 160000 km (100%) 3200 km (100%) 3600 min  

 

Table 4. Comparison of the virtual damage calculated from the acceleration data (Choi et 

al. 2011, p. 854). 

 Virtual damage of real road 

(3200 km) 

Virtual damage of proving 

grounds (3200 km) 

 X axis Y axis Z axis X axis Y axis Z axis 

Position 1 1.85e7 1.11e6 9.69e8 8.66e6 2.37e6 9.00e8 

Position 2 1.03e7 4.19e6 9.84e8 4.61e6 9.24e6 9.73e8 

Position 3 2.90e6 3.19e6 2.40e8 1.24e6 6.28e5 2.25e8 

Position 4 1.30e6 4.73e7 1.01e8 5.81e5 9.31e6 9.87e7 

 

While the six degree-of-freedom test utilized the proving ground vibration history and has 

the same virtual damage as the real road vibration history, their PSDs are not the same. For 

this reason, Choi et al. wanted to be able to test the real road vibration profile too. They 



41 

 

believe that it is more reliable and more time and cost effective to do this by conducting 

consecutive single degree-of-freedom tests instead of the six degree-of-freedom test. For 

this, they used a single axis shaker LDS V9 kind of which can be seen in the figure 18b. FFT 

was used to generate the PSDs out of the standard proportionally expanded road specific 

acceleration data and then combined into a single PSD by overlapping the road PSDs. This 

was done conservatively to the largest damage positions per axis (position 1 for X axis, 

position 4 for Y axis and position 2 for Z axis were selected). These PSDs were then scaled 

so that the test time decreased from the 3000 h down to 2.4 h (X axis), 6 h (Y axis) and 22 h 

(Z axis) resulting in increased amplitudes while having the total virtual damage 

corresponding to the real road condition (9.25e8 for X axis, 2.37e9 for Y axis and 4.92e10 

for Z axis). These three per axis tests were run consecutively and resulted in no structural 

damage to the battery bracket. However, during the Z axis test following the X and Y axis 

tests the authors noticed a damaged bolt linkage that according to them did not pose any 

safety threat. (Choi et al. 2011, p. 855–856.) 

 

 

Figure 18. Shaker tables used in the Choi et al. (2011) study. A) MAST (Multi-axial 

simulation table) by MTS (MTS Systems Corporation 2018, p. 6), B) LDS V9 high-force 

shaker by Brüel & Kjær (High-Force Shaker LDS V9 | Brüel & Kjær). 

 

In NRMM where the vibration profile is specific for all different applications, it would be 

advisable to run measurements on the vehicle’s all imaginable duties and conduct a 

conservative vibration profile according the heaviest case scenario since many vehicles 

under the same application may not be getting exactly the same duties. From the acceleration 

data, FDSs could be generated for example to notice the most damaging frequencies or to 

compare a new application to another application for which a safe design already exists. 

PSDs could be generated to be scaled down in time in a way described above to enable time 

effective tests to verify the designs.  
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3 METHODS OF MODELLING BATTERY PACKS AND VIBRATION 

 

 

There are not yet many studies conducted on vibration of vehicle battery packs. In this 

chapter, some methods used in literature for modelling vehicle battery packs and vibration 

are presented. Their purposes are discussed. 

 

3.1 Vibration analysis 

There are several techniques used in studying lithium-ion cells and their behaviour under 

different conditions. This section presents the most used method to study the effects of 

conditions to the vibrational behaviour of cells and modules and to what purposes has it been 

used in literature as well as how suitable it has been to the task. Some other methods for 

studying the cells and for measuring the conditions at play are also presented in short. 

 

3.1.1 Experimental modal analysis 

The experimental modal analysis (EMA) is primarily used to turn experimental data into a 

dynamic presentation of a mechanical system. This basically means the generating of the 

system’s natural frequencies, modal damping ratios and mode shape vectors. From this 

modal model it is possible to further conduct an inertia (mass) matrix, a damping matrix and 

a stiffness matrix to form a complete dynamic model of the system in time domain. There 

are many possible purposes for EMA, for example mechanical system analysis, design, 

diagnosis, fault detection and control considering vibration. (Vibration and shock handbook 

2005, 18.1.) EMA is usually performed as follows (Vibration and shock handbook 2005, 

18.1): 

1. Take in the experimental data that includes forcing excitations and their motion 

responses in the subject. 

2. Use FFT to generate frequency response functions (FRF) out of the experimental 

data. 

3. Specify natural frequencies, damping ratios and mode residues from the transfer 

functions by curve fitting analytical transfer functions. 

4. Generate mode shape vectors and 

5. lastly inertia matrix, damping matrix and stiffness matrix if necessary. 
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These steps are not absolute, and the fifth step is not always needed. Commercial EMA 

systems are designed to perform the EMA in two parts. The first and second step are 

performed by an FFT analyser and the third, fourth and fifth step with modal analysis 

processor. A graphics terminal and a storage device complete such a system. Computer and 

rest of tools and accessories are connected separately if needed. (Vibration and shock 

handbook 2005, 18.1, 18.6.) 

 

Latest studies and EMA setups for battery cell structural response 

 

According to Berg et al. (2019), one of the unanswered questions regarding the influence of 

vibration to lithium-ion battery cells concerns the effect of state of charge (SOC), state of 

health (SOH) and temperature to the battery vibration durability. In their study, they use 

EMA to examine structural responses of lithium-ion pouch cells under different SOC, SOH 

and temperature conditions as well as excitation levels. According to the authors, this is the 

first validated shaker-based test bench (figure 19) for cell level battery testing that has free-

free condition in literature. It is also the first bench to apply multi-degree-of-freedom fit and 

the first EMA to study non-linear dynamics of multiple cycle-aged cells. They found out that 

the structural dynamics of lithium-ion pouch cells are strongly non-linear, and with EMA 

being a linear method based on mode superposition principle, it must be used with care. Sine 

or impact-based excitation technique can easily increase non-linearity but with a well-

defined experiment with sine sweep, it is possible to achieve more precision in the non-linear 

effect. However, if linear approximation is of interest, random excitation is preferable. 

Multi-degree-of-freedom fitting has real importance because of high modal density and 

damping of lithium-ion pouch cells. The data generated from the EMA can further be used 

to give parameters to finite element (FE) modelling of the pouch cells which in turn enables 

the calculating of stresses and strains for understanding the experienced fatigue in the cells. 

(Berg et al. 2019, p. 2–3, 7–14.) 

 

In their second study of the series, Berg, Soellner et al. investigate the influence of SOC, 

SOH and temperature to the structural response of large format prismatic cells. There has 

been little preceding research in literature about vibration influence on lifetime and safety of 

lithium-ion prismatic cells. The same test bench and EMA procedure is used as in the first 

study talked about above. This second study is the first in literature to use EMA to investigate 
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singular prismatic cells without module constraints. It is the first to study the structural 

dynamics of large format prismatic cells excited linearly under free-free condition, and 

furthermore to study the response sensitivity to SOC, SOH and temperature. They also take 

a look at the suitability of EMA to study lithium-ion batteries. (Berg, Soellner et al. 2020, p. 

1–3.) 

 

 

Figure 19. The Berg et al. (2019) measurement setup with stinger excitation from below and 

test object (pouch cell) free-free condition using springs and strings. A) Outside view of the 

temperature controlled cabinet with shaker underneath, B) A close up view of the 

measurement setup around the test object. (Mod. Berg et al. 2019, p. 4.) 

 

The mode shape analysis in developing understanding of the displacements happening in the 

cell, the possibility to study responses regarding the sensitivities and to extract parameters 

for FE modelling show the usefulness of EMA. It is possible to tell the difference of 

intercalation swelling and thermal swelling by studying the prismatic cell’s damping 

behaviour and more. This kind of precision is enabled by the parameter sensitivity of EMA. 

Other advantages include its non-destructiveness as a method and its ability to include in-

cell interfaces and boundary conditions but relatively well exclude outer constraints by free-

free condition. However, higher order modes are difficult to achieve with EMA as both the 

pouch cells and prismatic cells have high modal density, damping is non-proportional and 

more. If the measurements for EMA are not optimized further to better estimate higher order 
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modes, the complexity of parametrized FE models is limited. EMA does require effort, 

experience and knowledge to be useful and to provide quality results. Challenges include 

but are not limited to creating the free-free condition, usage of multi degree-of-freedom 

fitting procedure, usage of sensors, finding correct excitation degrees-of-freedom, choosing 

the right excitation and considering the non-linearities. (Berg, Soellner et al. 2020, p. 1–3, 

13–14.) 

 

Berg et al. have shown relevant progress on studying the influence of vibration loading to 

the safety and lifetime of pouch cells and prismatic cells. The goal is to reveal any possible 

mechanics of failure in different cell types. (Berg et al. 2019; Berg, Soellner et al. 2020.) 

The EMA has, so far been useful and continues to show potential for laboratory 

investigations. Non-linear effects and sensitivity of structural dynamics to the excitation 

characteristics are important to be understood because of their influence in damage and 

fatigue. Thus, understanding is needed to usefully apply FDS and SRS and correctly interpret 

their results. A proper understanding of specific failure mechanics should precede the 

studying the applicability of, and using of, FDS, SRS, other damage accumulation models 

and acceleration methods of vibration testing, in research of batteries. (Berg, Soellner et al. 

2020, p. 2, 14.) 

 

In addition to the measurement setup (figure 19) that Berg et al. (2019) and Berg, Soellner 

et al. (2020) used for studying pouch cells and prismatic cells respectively, there are also at 

least two other types of setups used by for example Popp et al. (2018) and Hooper et al. 

(2015) in literature. Popp et al. used a measurement setup (figure 20) where the excitation is 

brought by an upside-down shaker to the top of the test object (pouch cell in this case) while 

it being supported from the bottom by foam padding. The natural frequency of the padding 

was measured to be 18 Hz which is far enough from the characteristics of the pouch cell in 

test to consider its effect insignificant to the test measurements. (Popp et al. 2018, p. 2–6.) 

However, in this setup the free-free condition is out of reach because according to Hooper 

et al., the mass of the attached measurement components must not be over the threshold of 

1% of the mass of the test object to not have too great of an influence to its frequency 

response (Hooper et al. 2015, p. 250). Mass of the pouch cell in this case is 418.6 g (Popp et 

al. 2018, p. 3), and mass of the impedance head is 269.2 g (Popp et al. 2020, p. 13). Thus, 

because of the effect of the impedance head the FRFs of this study and setups alike are not 
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directly comparable to other FRFs of other studies. However, the changes in the FRFs can 

be studied and valid results are yielded.  

 

 

Figure 20. The Popp et al. (2018) measurement setup with upside-down inertial shaker and 

foam padding under the test object (pouch cell) (Mod. Popp et al. 2018, p. 3–4). 

 

The measurement setup used by Hooper et al. is different from the aforementioned two in 

that the excitation is provided by an impact hammer with a force transducer instead of 

shakers and is impulse excitation by nature (Hooper et al. 2015, p. 249). Popp et al. used a 

five second linear sinusoidal sweep from 20 Hz to 3 kHz (Popp et al. 2018, p. 4). Berg et al. 

on the other hand used random excitation because of the tendency of lithium-ion cells to 

show non-linear behaviour. While a fast sine sweep (chirp) and impulse excitation may 

excite the non-linear behaviour, random excitation can return a linear approximation by 

averaging out the non-linearities. (Berg et al. 2019, p. 5.) Hooper et al. used foam padding 

as a support as well as Popp et al. (2018) but because of there is more than 100 Hz of 

difference between the highest natural frequency of the support (36.5 Hz) and the lowest 

natural frequency of the test object (200 Hz approximately), and the mass of the single 

attached accelerometer is less than 1% (2 g, which is less than 0.4%) of the mass of the test 

object, their setup is considered to practically be in free-free condition (Hooper et al. 2015, 

p. 249–252). 

 

Further main differences are that Berg et al. use single excitation point and single measuring 

point (Berg et al. 2019, p. 3), Popp et al. use single excitation point and single measuring 

point (Popp et al. 2018, p. 3), and Hooper et al. use multiple excitation points (one impact 

point at a time) but single measuring point (Hooper et al. 2015, p. 251). Berg et al. use single 

measurement point for natural frequency and modal damping calculation as it is sufficient 
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as long as the point is not located on a nodal point in which case resonances are not detected, 

but they variate the measurement point location to measure mode shapes (Berg et al. 2019, 

p. 3). Mode shapes are achieved also in Hooper et al. (2015) study but not in the Popp et al. 

(2018) study. 

 

Results regarding the behaviour of the cells 

 

Regarding the pouch cell structural response sensitivity to condition, Berg et al. found that 

SOC and lithium intercalation did not have nearly as much effect than SOH and thermal 

expansion. This can be seen from the figure 21, figure 22 and figure 23. They also stress the 

non-linearity in pouch cell stiffness and damping and the fact that in literature it has been 

considered poorly in preceding works. This is a matter of importance in safety testing and 

amplitude scaling. (Berg et al. 2019, p. 2–3, 7–14.) 

 

 

Figure 21. Illustration of the results of Berg et al. (2019) study where the behaviour of five 

modes of the pouch cell can be seen regarding SOH. It shows that SOH has very noticeable 

effect on the natural frequencies in particular. Line in a box represents median. 4 new and 5 

aged cells in temperature of 25 ℃ and SOC of 0%. (Berg et al. 2019, p. 7, 13–14.) 
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Figure 22. Illustration of the results of Berg et al. (2019) study where the behaviour of five 

modes of the pouch cell can be seen in seven different states of charge. It shows that SOC 

has very little effect on the natural frequencies and damping ratios. New cell in temperature 

of 25℃. (Berg et al. 2019, p. 7, 11.) 

 

 

Figure 23. Illustration of the results of Berg et al. (2019) study where the behaviour of five 

modes of the pouch cell can be seen in ten different temperatures. It shows that temperature 

has very noticeable effect on the natural frequencies and damping ratios. Dashed lines are 

fitted straight lines. New cell in SOC of 0%. (Berg et al. 2019, p. 7, 12.) 
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Regarding the sensitivity of the structural response of prismatic cell to conditions such as 

SOC, SOH and temperature the following findings were achieved through the EMA. The 

response is significantly sensitive to SOC (figure 24) and temperature (figure 25). The 

sensitivity to SOC variation was recognized as pronounced hysteresis behaviour in natural 

frequency and damping. When in increased SOC, the cell stiffened with increased natural 

frequencies. The influence of temperature caused the natural frequencies to linearly decrease 

when increased. Also, an approximately linear decrease was observed in damping ratio when 

temperature was increased. (Berg, Soellner et al. 2020, p. 2, 14.) There is a contrast to the 

response of pouch cell as its damping ratio was increased in increased temperature (Berg, 

Soellner et al. 2020, p. 14), and instead of SOC, it is the SOH that has significantly higher 

influence in pouch cell (Berg et al. 2019, p. 14). It is not to be misunderstood however, that 

aging would not have an influence in prismatic cells too. The cells get stiffer with increased 

natural frequencies by the effect of aging. In fact, for prismatic cells the effect of aging to 

the mode shapes is stronger than for pouch cells. However, in direct comparison between 

the two cell types it must be noted that there was some differentiation in the levels of SOH 

for the tested cells. Regarding the differences in the damping ratio behaviour, it was 

suspected that the different kinds of constraints from the cell casings have their part in the 

play. (Berg, Soellner et al. 2020, p. 12, 14.) 

 

 

Figure 24. Illustration of the results of Berg, Soellner et al. (2020) where the behaviour of 

two modes of the prismatic cell can be seen in 13 different SOC (charged and discharged). 

It shows that SOC has very noticeable hysteresis effect on both the natural frequencies and 

damping ratios. New cell in temperature of 25 ℃. (Berg, Soellner et al. 2020, p. 6–7.) 
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Figure 25. Illustration of the results of Berg, Soellner et al. (2020) study where the behaviour 

of two modes of the prismatic cell can be seen in variation of temperatures. It shows that 

temperature has very noticeable effect the natural frequencies and damping ratios. Dashed 

lines are fitted straight lines. New cell in SOC of 0%. (Berg, Soellner et al. 2020, p. 6, 9.) 

 

Popp et al. (2018) were studying the effects of SOC, SOH and temperature to a pouch cell 

frequency response. Hooper et al. (2015) studied the frequency response of pouch cells and 

the effects of SOC. The effects of SOC seem to be somewhat inconclusive. While Popp et 

al. found that with increasing SOC the natural frequencies also increase (Popp et al. 2018, 

p. 6), Berg et al. and Hooper et al. did not find such strong correlation (Berg et al. 2019, p. 

10–11; Hooper et al. 2015, p. 258). According to Berg et al., a possible explanation for the 

correlation could be the difference in the test setups which might allow the pressing mass of 

the impedance head to result in some compression and increased stiffness of the pouch cell. 

Regarding the effects of SOH, they found a much stronger correlation where the aged cells 

had increased natural frequencies and stiffness. (Berg et al. 2019, p. 10, 13.) Popp et al. 

found the same effect on natural frequencies, however their stiffness opposingly decreased 

(Popp et al. 2018, p. 6–7). Regarding temperature, the effects of it seem to be clearer. With 

increasing temperature, natural frequencies and stiffness decrease very notably (Berg et al. 

2019, p. 11–13; Popp et al. 2018, p. 9–10). Berg, Soellner et al. found this with the prismatic 

cells too (Berg, Soellner et al. 2020, p. 9–10). The natural frequencies decrease more than 

200 Hz in course of 20 ℃ temperature increase (Berg et al. 2019, p. 12). 
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3.1.2 Ultra-sonic sensing 

Ultra-sonic (US) sensing in not actually used for determining the behaviour characteristics 

of battery components under vibration loading. According to literature review conducted by 

Popp et al. (2020), the ultrasonic vibration is mainly used to measure the SOC and SOH 

parameters of battery cells. But today, the method has also been used to detect conditions 

such as temperature and C-rate at abusive levels. In US sensing, an actuator and a sensor are 

attached to the surfaces of the test object. The former emits a mechanical wave excitation of 

which frequencies can range from 25 kHz up to 2.25 MHz. The latter is used to record the 

response of the test object to this excitation. In battery cell measurement, three measuring 

configurations (figure 26) are used; surface, through-body and reflection. In the last 

configuration, only one actuator is required. In the US sensing, it is the acoustic impedance 

that is measured. As the piezo electric actuators are small and inexpensive, it is likely that 

commercial applications are developed for this method of measurement. Possibly even for 

electric vehicle battery management systems. There are not yet validation for use in the 

battery module or system level, but the method has recorded successful in prismatic cell 

measurement too which implies that use on hard casings and constraint applications are 

potentially possible. (Popp et al. 2020, p. 14–21.) 

 

 

Figure 26. US sensing using piezo electric actuators in surface configuration (from emitter 

1 to sensor 2), in through-body configuration (from emitter 1 to sensor 3) or in reflection 

configuration where an actuator is put in to receiving mode right after it has sent the 

excitation signal (Popp et al. 2020, p. 15). 

 

3.1.3 Some other non-vibration methods 

There are other popular and competing methods aside from the presented above, expansion-

based methods such as dilatometric methods and force-strain methods in particular. In 

dilatometry, the volumetric expansion of the test piece is measured. With battery cells, 
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mostly contact-based dilatometric methods such as single-point one dimensional (1-D) and 

multi-point 1-D methods are used. In the single-point 1-D method, the testing configuration 

can be like in figure 27 where one measurement device is used with a plate accounting the 

whole side expansion of the test object or without a plate at a single point on a test object. 

In the multi-point method, more than one 1-D measurement devices are used at different 

points on the test object to provide more in-depth results. These methods are inexpensive 

and can be used to study the majority of parameters and behaviours inside the cell, such as 

SOC, C-rate and thermal swelling. These methods however are more suitable to laboratory 

than to a commercial application. The force-strain methods use strain gauges that record the 

strain behaviour of the test object. In cell internal strain method, strain gauging fibres are 

attached or implanted in the electrodes or the active material. In surface strain method a 

strain gauge is attached to the outer surface of the test object. These methods can also be 

used to measure or estimate SOC, SOH, C-rates and thermal influences. They can be used 

in module or cell level but also for example to differentiate cathode and anode behaviour. 

Today, these are mostly laboratory methods, but they are already going towards future 

practical applications. (Popp et al. 2020, p. 5–21.) 

 

Lastly, another method for example for SOH estimation is acoustic emission (AE). This is 

an in-operando method because of it does not include mechanical excitation but detects 

sound from the test object via a surface mounted microphone. The measured sound is emitted 

by the test object when it undergoes quick releases of mechanical stress, i.e. its materials are 

degrading. This is a laboratory method. (Popp et al. 2020, p. 17–21.) 

 

 

Figure 27. An example of single-point 1-D contact-based configuration of dilatometry 

(Popp et al. 2020, p. 6). 



53 

 

3.2 Modelling vibration 

This chapter presents some of the few studies that use finite element (FE) modelling 

techniques to account the effect of vibration in the design of battery packs. Those techniques 

are described briefly. The applications and purposes of using the methods as well as possible 

challenges and limitations are discussed. The chapter is divided into two sections by the type 

of the studies. First, some studies utilizing the FE modelling as aid for better design 

optimisation of pack level structures are looked into. In the studies of the second section, the 

dynamic responses of more module level battery structures are investigated more in-depth. 

 

3.2.1 Optimisation of battery pack structure 

Shui et al. (2018) proposed a methodology by which an EV battery pack structure design 

could be optimized for lighter mass, decreased maximum deformation and increased 

minimum natural frequency to regard a better EV range, decreased manufacturing cost, 

increased rigidity, decreased vibration loading and increased battery life. The battery pack 

of the study is modelled (figure 28a) in ANSYS. The design variables are the material 

thicknesses assigned to the battery enclosure and can be seen in the figure 28b. These 

thicknesses are set to be able to vary in a fixed range. The finite element analysis (FEA) is 

performed via utilizing a combination of central composite design (CCD) and artificial 

neural network (ANN) methods that was proven most conservative among other 

combinations with Latin hypercube sampling (LHS) and response surface methodology 

(RSM). The role of FEA here is to connect the variation of the design variables to the 

structure’s mass and maximum deformation achieved through static analysis and to the 

lowest natural frequency through modal analysis. By using the CCD and ANN, 100 

combinations are created from which three best solution are calculated via non-dominated 

sorting genetic algorithm II (NSGA II). From the three candidates, the one with the lowest 

mass was selected as the highest priority. (Shui et al. 2018, p. 331, 333–339.) 

 

Bao & Zhao (2018) conducted a very similar study on their cell spacer structure for a 

cylindrical cell battery module. Here too, the mass, deformation and the lowest natural 

frequency of the structure are optimized. The design variables (shown in figure 29a) are 

affecting the material thicknesses indirectly this time. In this study, the LHS and ANN 

combination of methods was selected. (Bao & Zhao 2018, p. 79–81.) 
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Figure 28. A presentation of the structure under optimisation in the study of Shui et al. 

(2018). A) A single battery module on the top and the pack on the bottom. B) The variable 

parts under optimisation on the battery pack structure. (Mod. Shui et al. 2018, p. 333–334.) 

 

 

Figure 29. A presentation of the structure under optimisation in the Bao et al. (2018) study. 

A) The design variables on the cell spacer structure. B) A design further conducted from the 

study results demonstrates the use of the structure. (Mod. Bao et al. 2018, p. 80, 84.) 

 

Li, Fu & Yang (2017) used FEA in their study as a tool for optimisation of battery system 

stiffness and strength for vibration induced fatigue. They built a model of the complete 

battery system structure (figure 30) and run FEA using Nastran with Hypermesh software. 
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They studied the finite element modal analysis and simulation of random vibration test and 

found locations of improvement, such as weld seams requiring strengthening and too weak 

sheet metal sections in need of higher strength steel. The optimised version was simulated 

again with better success. Also, vibration tests were carried out for both designs using a 

vibration test bench which showed failure very similarly as in simulation. The optimised 

version did deform but remained otherwise intact. The authors then concluded that as the 

tests certified the simulations, the FEA method is an effective tool for structure design 

optimisation regarding anti-vibration. (Li, Fu & Yang 2017, p. 10281–10285.) 

 

 

Figure 30. The model of the EV battery pack studied by Li et al. (2017). A) The FE model 

of the battery pack with the cover set to transparent. B) The first order mode shown by modal 

analysis. (Mod. Li et al. 2017, p. 10283.) 

 

Galos, Khatibi & Mouritz (2019) studied vibrational properties of composite structures with 

li-ion polymer batteries embedded inside. Their aim was to determine the vibrational effects 

of embedding the said batteries in the material. They found that the typical effect on the 

vibration properties include maintaining or decreasing the damping ratio and reducing the 

modal frequency response of the structure. However, if the batteries were located at the 

theoretical nodal points of the structure, it could result in increased damping ratios. The role 

of the FEA in this study was to perform a finite element modal analysis on the structure to 

compare and verify results achieved through a free-free conditioned EMA measured with 

laser scanning Doppler vibrometry. The FEA model was built respectively to have free-free 

boundary conditions with Abaqus software (Dassault Systemes). Material properties used 

for the composite (carbon-epoxy) were modelled as elastic anisotropic solid while the 

properties in the locations of the batteries were replaced with experimental approximate data 
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from another study as isotropic. The study was run also with sandwich composite structure 

using carbon-epoxy anisotropic laminates as the skins and elastic isotropic solid as the foam 

core. SC8R continuum shell elements were used, and 3 mm square elements were chosen 

for optimal accuracy to computing time ratio. Solver used was Lanczos Eigensolver. The 

materials were modelled as monolithic which neglects the effects of fibre orientations and 

patterns of the composites that are supposed to influence their damping and bulk stiffness 

properties. (Galos, Khatibi & Mouritz 2019, p. 677–681, 685–686.) 

 

3.2.2 Dynamic response at module and pack level 

Hong, Epureanu & Castanier (2014) studied an FE model they built for a simplified 

academic battery module of 20 pouch cells. They found that the prestress levels from 

layering the cells to a module had a significant effect on the dynamic response of the module 

structure. In addition, because the structure is nominally periodic and has high modal 

density, the small cell-to-cell variations result in a significant effect to the response too. 

However, an FE model of a battery module accounting these variations and prestress, in its 

complexity could feature millions of degrees-of-freedom (DOF) and thus be very taxing 

computationally to perform typical Monte-Carlo simulations. (Hong, Epureanu & Castanier 

2014, p. 101, 110.) To accurately predict a dynamic response of such structure in a much 

more time-effective way, they proposed parametric reduced-order models (PROM) that can 

be generated via the following assumptions according to (Hong et al. 2014, p. 111): “(1) 

mode shapes of the structure with variations can be presented as a linear combination of 

mode shapes of the structure with nominal parameters, and (2) variability in parameters in 

the corresponding cell can be captured by mode shapes of the nominal cell with its boundary 

displaced the same amount as the frame.” As a result, they were able to reduce the academic 

high-fidelity FE model of 200000 DOF to a PROM of 38 DOF while reducing the 

computation time by a factor of 10000 (Hong et al. 2014, p. 111). 

 

Nam, Kim & Oh (2018) studied the effects lithium intercalation and deintercalation induced 

electrode microstructure transformation, cell-to-cell variation, SOH and SOC to the dynamic 

response of prismatic cell battery module. They built an FE model (figure 31a) that is an 

academic representation of a 20-cell prismatic cell module. While having 1344438 DOF, 

this model is still a simplification, for example where the jellyroll geometry has anode and 

cathode layers, positive and negative current collector layers and separator layers modelled 
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but as fewer thicker sandwiches rather than larger amounts of thinner sandwiches. ANSYS 

was used to perform modal analysis. Meshing was done with hex-dominant method. Jellyroll 

materials were meshed with hexahedral elements because of simplicity of the geometry. The 

casing, spacers and other parts were meshed with tetrahedral elements. Slipping motion in 

the shear direction between the module and cell faces was not considered because of its small 

occurrence during normal operating conditions. (Nam, Kim & Oh 2018, p. 264–267.) 

 

The effects of SOC and SOH to the response of the system are estimated by incorporating 

the changes in the moduli of elasticity of anodes and cathodes. For example, the modulus of 

elasticity of anode is set to increase linearly as SOC increases while cathode is assumed to 

remain unaffected. Results from studying the dynamic responses of the model include that 

the equivalent stiffness variation in the jellyroll resulting from the effects of SOC and SOH 

has particular influence on the swelling modes (fixed boundary modes) one of which is 

illustrated in the figure 31b. A PROM version of the model was also created with a similar 

method to that of Hong et al. (2014) mentioned in this chapter to study the cell-to-cell 

variations. This time though, the model is more complex and closer to reality, the electrode 

material microstructures are considered, and a method to account the changes in stiffness 

because of SOC is proposed. Here too, it is concluded that PROM is an effective method to 

reduce computing demands while providing good accuracy. (Nam et al. 2018, p. 266–267, 

274.) 

 

 

Figure 31. A presentation of the prismatic cell module studied by Nam et al. (2018). A) The 

studied model with the aluminium cell casings set completely transparent. B) An illustration 

of the first swelling mode shape resulting from the modal analysis. (Mod. Nam et al. 2018, 

p. 266, 269.)  
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4 DESIGNING OF A BATTERY SYSTEM FOR NRMM 

 

 

This chapter aims to sum up the current situation in electrifying the NRMM regarding 

vibration and its effects. It points out the things to consider specifically in placing a main 

battery system in a fully electric or a hybrid electric vehicle. This is not a complete 

guidebook but a suggestive discussion and a review of the topic on a more general level. 

First, the current situation in the literature is discussed. Second, the three main cell types are 

explained and compared. Third, the forming and placing of the battery system is discussed. 

Lastly, some suggestions for proving the vibration durability are presented. 

 

4.1 Previous research on the topic 

This literature review is mainly conducted using the SCOPUS database and the access of 

LUT University. Google Scholar is also utilized but with very little success. Scientific 

articles are the main source of information used. Because the topic of vehicle battery 

technologies and NRMM electrification is so new and fast evolving, the highest priority in 

literature review is on the up-to-date information which translates to the latest years of 

publication. Also, the number “cited by” is considered, but as the area of the topic provides 

very scarce amount of studies and they are newer, the number is inevitably low. Additionally, 

references of good on topic studies are a valuable source of literature that is used. Some 

examples of the searches used in SCOPUS are listed below:  

- TITLE-ABS-KEY ( non-road  AND mobile  AND machinery  AND battery ) 

- TITLE-ABS-KEY ( battery  AND  heavy  AND  vibration  AND  vehicle )  

- TITLE-ABS-KEY ( battery  AND  vibration  AND  vehicle )  

- TITLE-ABS-KEY ( vibration  AND lithium-ion ) . 

 

The impressions after the literature review are that this topic is currently not investigated 

very widely. There are not many studies regarding the vibration durability of vehicle 

batteries, much less in the field of non-road mobile machinery. In actuality, there seem to be 

no public studies on battery vibration durability regarding the NRMM applications. 

Therefore, most of the references used in this thesis are originating from the on-road vehicle 

basis. However, it seems that even the amount of studies on the vibration of battery in road 

vehicle field is limited. It feels like, as the battery technology is advancing with a speed 



59 

 

currently, there are many other important aspects under development, and the passing of the 

short term abusive fail safe vibration tests are enough for now to ensure the safe usage of 

batteries on road vehicles. For this reason, the scope of this literature review broadened into 

the topic of considering the vibration in the batteries of full or hybrid electric vehicles in 

general. Then discussion of the results from the standpoint of NRMM are conducted after. 

 

4.2 Cylindrical, prismatic or pouch cells? 

In literature, some vibration testing for the cells are done and the vibration characteristics of 

cells are studied but any thorough understanding of battery behaviour have not been reached. 

It is however noticed that vibration can induce effects that result in common type failures 

inside the battery cells such as short circuits and thermal runaways as discussed in the chapter 

2.1. It is also discussed there that vibration can have a significant effect on temperature rise 

during charge and discharge and it can cause delamination of the interlayers inside cells 

resulting in reduced cycle life. One study showed that it can result in degradation of cell 

capacity and impedance. However, thorough understanding of these effects and their 

seriousness requires further study. The primary reasons for battery system durability failure 

are the system components such as connectors and casings experiencing fatigue and failing 

under vibration. 

 

There is currently very limited amount of data available on which cell type performs the best 

under vibrating conditions. This leaves the priority to other factors in selecting the battery 

cell type. However, if an NRMM application is known to create increased amounts of 

vibration loading that is conducted all the way to the battery cells, it could be suggested that 

cylindrical cell designs featuring the single tab and mandrel design would be avoided. This 

is because of the loose mandrel failure mechanic discussed in the chapter 2.1. However, if 

the inner design of the cell is taken into consideration and qualified manufacturers or newer 

cylindrical cell designs, for example the 4680 tabless design discussed in the chapter 2.2.6, 

are preferred, the risks caused by this failure mechanic can be avoided. 

 

According to Berg, Spielbauer et al. (2020), the choice of qualified state-of-the art designs 

should eliminate the critical failures such as short circuits and ensure the durability of the 

cells in an on-road application. However, in applications like NRMM, the severity of 

vibration can be increased so that the inner cell design vibration durability becomes more 
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important to consider. (Berg, Spielbauer et al. 2020, p. 12.) What this basically means is that 

a state-of-the art cell design should be chosen but to also test its durability regarding the 

application in question. A comparison of the three cell types in the table 5 sums up the 

differences discussed in the chapters 2, 2.1 and 3.1.1. The cell types in vehicle applications 

are however fast evolving and thus as their designs change especially their vibrational 

properties change. 

 

Table 5. Comparison of the three main cell types used in electric vehicle application. +++ 

translates to "better", ++ to "in between" and + to "worse" according the findings discussed 

in the chapters 2, 2.1 and 3.1.1. 

 Cylindrical Prismatic Pouch 

Low cost +++ + ++ 

Energy density ++ + +++ 

Packaging efficiency + +++ ++ 

Cell capacity 1 +++ 1 

Mechanical robustness ++ +++ + 

Explosion safety + ++ +++ 

Thermal runaway safety + + +++ 

Physical failure mechanics found in vibration 

tests 

+  +++ 

Lower dynamic response sensitivity to SOC 4 + +++ 

Lower dynamic response sensitivity to SOH 4 + 2 +++ 2 

Lower dynamic response sensitivity to 

temperature 

4 +++ 3 + 3 

1 While the cell capacity has been on the side of the prismatic design, recently there has been developments 

towards larger format cells in vehicle use also in the other cell types. 

2 It must be noted that the difference is not remarkable and in the study of Berg, Soellner et al. (2020) 

discussed in the chapter 3.1.1 it was voiced that the results are not completely comparable. 

3 It must be noted that the difference is not remarkable. 

4 There are several studies on vibration testing of cylindrical cells but no comparable studies of their dynamic 

response sensitivity to SOC, SOH, and temperature were found. 
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4.3 Battery system and the chassis 

In the chapter 2.1, it was discussed that the vibration induced fatigue experienced by the 

battery system components such as connectors, sub-systems and casing structures is the 

primary reason for battery system durability failure. To address this, one could utilize 

deformable battery terminal connectors for example as suggested in the chapter 2.2.2, design 

the structures of the battery trays stronger and reduce the amount of vibration conducting 

through from the application. Additionally, to reduce the risks of failure inside the battery 

modules and cells, it is important to restrict the relative cell movement. To restrict the 

relative cell movement, cell spacers (chapter 2.2.5) should be used, and structural rigidity of 

the battery tray should be increased. 

 

To reduce the vibration conducted from the application, the placement of the battery system 

in the vehicle chassis (chapter 2.2.3) and isolating the system from vibration using 

dampeners (chapter 2.2.4) are effective methods. In the placement of the battery, there are 

several important aspects to consider. But from the vibration point of view on the NRMM, 

more lower and more central locations are attractive since they lower the centre of gravity 

and improve the weight distribution of the vehicle body assuming the battery is on the 

heavier side of the components on the NRMM. This reduces the stresses and fatigue in the 

body and help in isolating the vibration. 

 

The simplest way of enhancing the vibration isolation to the battery system is to use 

dampeners. Engine rubber padding is a common and well-studied solution but is only 

effective against a tight range of frequencies. On lower frequencies its stiffness may not be 

enough and on higher frequencies it may become too stiff. Thus, if an NRMM application 

has a single problematic frequency of vibration loading, it can excel. There are however 

other alternatives also that are discussed in the chapter 2.2.4. 

 

4.4 Vibration proving 

NRMM as an area of application is so new for battery powered vehicles and so diverse that 

there are no standards by which an NRMM battery vibration durability could be tested. In 

fact, as discussed in the chapter 2.3, even the standards aimed for on-road application are 

not in the correct place. Most of them are not testing the vehicle life durability but are more 

like short term abuse tests to test the fail-safe function of the battery pack. Furthermore, the 
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variation of the standards and the missing test range below 5 Hz suggests their inadequacy. 

As NRMM applications are very different from the on-road vehicles anyway, those standards 

should not be used as guidelines or validation in design but as aid at most for someone who 

possesses sufficient understanding of vibration and its risks. 

 

Because of the individuality of NRMM applications, it would be suggested that their 

vibration loading is studied specifically. This could be done as discussed in the chapter 2.5 

with a general form example by creating a vibration profile for the application and running 

an accelerated vibration test for it to optimise and validate the design of the battery system. 

Generally, the vibration loading of the application could be tested with a corresponding 

random excitation. But as discussed in the chapter 2.3, if the machine has a tool kit for 

example that operates a lot at specific frequencies, it could be beneficial to additionally test 

those with sinusoidal excitation because of its ability to represent periodic movement better. 

By generating an FDS for multiple different machines, one could also easily compare the 

vibration profile demands and notice their most damaging frequencies. 

 

However, Berg, Soellner et al. (2020) voiced their concerns on utilizing the vibration test 

acceleration methods and the damage accumulation methods, such as FDS, in battery 

research before a proper understanding of battery failure mechanics is reached. This is 

because their EMA studies show the non-linear behaviour of the cell dynamic response and 

its sensitivity to the nature of the vibration excitation. More on this in the chapter 3.1.1 and 

Berg, Soellner et al. (2020). It was already stated by Kjell et al. (2013, p. 3) that “engineering 

judgment” should be practiced when using the damage accumulation methods as discussed 

in the chapter 2.4. So, while these methods are important tools on studying the battery 

system’s endurance in an NRMM application, a conservative approach is suggested. 

 

The EMA has already proven itself useful in the studies of cell vibrational characteristics 

and it can provide parametric data for the FE modelling of battery systems. EMA still has its 

drawbacks, such as high requirement of knowledge and experience while being a laboratory 

method. More on this in the chapter 3.1.1. The current situation however is that better 

understanding of the behaviour and failure mechanics of lithium-ion cells are required before 

accurate modelling and simulation of vibration on battery systems can be conducted using 

FE modelling.  
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5 CONCLUSION 

 

 

This study is produced in order to find out how to consider vibration in the structure and 

fixing of the battery system of non-road mobile machinery (NRMM), and how to measure 

and simulate it to help in the designing. It is of interest to know how the vibration is possibly 

damped, if there are any standards and regulations regarding the battery system vibration 

durability, how to model and calculate a vibration history and how to design and test a 

damping solution for an NRMM battery system. Not only the topic turns out to be less 

studied than anticipated but also the modelling aspect surprisingly more challenging. 

 

Because the electrification is still so new to the NRMM and the applications are so diverse, 

to the knowledge of the author there are no regulations and standards set for the consideration 

of vibration in NRMM battery systems. In fact, even the on-road vehicle equivalents are not 

respectable enough. The vibration insulation in NRMM has been realized with engine rubber 

pads but they have a weakness of increasing stiffness when increasing exciting frequency. 

There are alternative damping methods as well as other things to consider such as battery 

system placing and the use of cell spacers and deformable connectors. 

 

Regarding the optimization and validation of the vibration durability it is encouraged to 

study the NRMM application vibration characteristics by measuring the vibration in duty 

with accelerometers in the location of the battery system and expanding the data to create a 

life vibration profile. In the form of a Fatigue Damage Spectrum (FDS) it is easy to compare 

to sister NRMM and to study which frequencies are the most hazardous. Using the profile 

in the form of a Power Spectral Density (PSD) it can be used for conducting vibration bench 

tests. The failure mechanics of lithium-ion batteries are however not understood properly 

regarding vibration durability and require further study. Concerns have been voiced on using 

the damage accumulation methods such as FDS and acceleration methods for vibration 

testing because of this. In the studying of vibration characteristics lithium-ion cells and 

modules, experimental modal analysis (EMA) has been used and its applicability has so far 

been useful. However, further study is required to be able to properly use the data it provides 

in creating realistic finite element (FE) models for in-depth simulation and optimization of 

structural dynamics of the battery systems. 
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5.1 Generalization and utilization of the findings 

The findings of this thesis provide a view on the current standing of the topic of vibration 

consideration in battery systems of NRMM in the public literature. They can be used for 

mapping the need of, and planning of, further studies on the topic. It is possible to develop 

an idea on the nature of the topic as well as to find a direction for action if new to it and 

interested in enhancing the quality of one’s NRMM product. Further, these findings could 

be applied to some degree onto on-road vehicles and other vehicular applications with more 

severe vibration profile. 

 

5.2 Further research 

The most important thing currently is to reach a thorough understanding of the failure 

mechanics of the lithium-ion cells. This is because it would first remove the concerns of the 

utilisation of vibration test acceleration methods and damage accumulation methods to 

enable fast and more accurate study of battery system endurance on any NRMM application. 

Second, it would provide a better basis on developing accurate and complex modelling and 

simulation of vibration on battery systems which could help in designing and optimising 

them for demanding applications. 

 

To develop a better understanding of the necessity of the vibration proofing in specific 

NRMM applications, proper long-term vibration tests could be conducted for some of the 

more common NRMM applications with different natures of vibration loading in their 

profiles. Attached to this, to find out the most durable cell structural characteristics for 

vibrationally more severe applications, the tests should be conducted for different cell types 

and different inner cell designs. 
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