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The energy consumption in transport is today a large contributor to 
global greenhouse emissions. One way of reducing these emissions is by 
electrification, which is an ongoing journey for the vehicle industry. The 
aeronautical industry has started investigations but are limited by the 
relatively low specific energy of batteries.  

One way to improve the specific energy of batteries is by making them 
multifunctional by combining them with other functions of the vehicle. 
When the battery is combined with a structural material, the resulting 
material is referred to as a structural battery. This structural battery 
ultimately performs the fundamental function of mechanical rigidity and 
the battery function provides almost mass-less energy. The idea of 
structural batteries has been around for a while, but its actual 
construction has not yet been understood.  

This thesis is focused on exploring the design and implications of 
structural batteries made from carbon fiber composites. The first section 
is focused on the construction of the structural battery. Specifically 
investigating a structural carbon fiber negative electrode with regards to 
its manufacturing, electrochemical properties and mechanical properties. 
The results show that the construction of a negative electrode for 
structural batteries is achievable. The next section is using the findings 
from the first section in exploring the implications of implementing a 
structural battery into vehicles with regards to weight saving and life cycle 
characteristics. The findings show that the structural batteries have the 
potential to decrease both weight and life cycle burdens. The last section 
presents the use of the structural carbon fiber negative electrodes as a 
morphing material controlled by applied electrical power. The morphing 
deformations are large and stationary when power is removed but the 
morphing rate of the material is limited. Additionally, it is solid state, 
lightweight and has an elastic modulus higher than aluminum with large 
morphing deformations.  

The long-term outcomes of a thesis are hard to predict, but the findings 
herein conclude that the technology of structural batteries have the 
potential to disrupt energy storage in transportation, as well as traditional 
actuation and morphing technologies. 
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Energiförbrukningen inom transportsektorn är idag en stor bidragande 
faktor till de globala växthusutsläppen. Ett sätt att minska dessa utsläpp 
är genom elektrifiering, vilket är en pågående process för 
fordonsindustrin. Flygindustrin har påbörjat utredningar kring 
elektrifiering men begränsas av den relativt låga energidensiteten hos 
batterier. 

Ett sätt att förbättra batteriets energidensitet är att göra det 
multifunktionellt, dvs kombinera det med andra funktioner i fordonet. 
När batteri-funktionen kombineras med ett konstruktionsmaterial 
benämns det resulterande materialet ett strukturellt batteri. Det 
strukturella batteriet står för systemets mekaniska stabilitet och 
batterifunktionens vikt är näst intill obefintlig. Idén med strukturella 
batterier är inte ny, men dess faktiska konstruktion har ännu inte 
utvecklats. 

Denna avhandling är fokuserad på att utforska konstruktionen och 
implikationerna av strukturella batterier tillverkade av 
kolfiberkompositer. Den första delen fokuserar på konstruktionen av det 
strukturella batteriet. Specifikt undersöks en strukturell negativ kolfiber-
elektrod med avseende på dess tillverkning, elektrokemiska egenskaper 
och mekaniska egenskaper. Det visar att det är möjligt att konstruera 
strukturella batterier med dessa strukturella elektroder. Nästa del 
använder resultaten från det första delen för att undersöka 
konsekvenserna av att implementera ett strukturellt batteri i fordon med 
avseende på viktbesparing och livscykelegenskaper. Resultaten visar att 
strukturella batterierna har potential att minska både vikt och 
livscykelbörda. Den sista delen presenterar användningen av de 
strukturella kolfiberelektroderna till ett material som kan ändra form 
genom att styra pålagd ström. Deformationerna är stora och kvarstår om 
strömmen stängs av, men deformationshastigheten är begränsad. 
Materialet är dessutom i fast tillstånd, har låg densitet och en styvhet 
högre än aluminium. 

De långsiktiga resultaten av en avhandling är svåra att förutsäga, men 
slutsatserna i denna avhandling pekar på att strukturella batterier har 
möjligheten att omvälva batteritekniken i transportsektorn, såväl som 
andra material som ändrar form.  
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There is a growing demand for more environmentally friendly 
transportation [1], [2]. Today about 14% of all greenhouse emissions 
(CO2) come directly from transportation [3]. One route to decrease these 
emissions is by using electric vehicles [4]–[6]. However, the energy 
density of batteries is much lower than that of gasoline (about �������	
 
vs. ������	
) [7], which means that for the same range an electric vehicle 
has to carry significantly larger amounts of batteries. This added mass 
also starts a negative spiral of further decreasing the range and requiring 
more batteries. In fact, this is even more unfavorable in the case of 
electric flight, so much that it makes it impossible with current 
technology to make commercial electric long-haul flight e.g. across the 
Atlantic [8].  

One way to counteract this added mass in electric transportation is to 
save mass in other places. For instance, high specific stiffness and 
strength materials such as carbon fiber composites can be used instead of 
common construction materials like steel or aluminum. This is a common 
method in order to decrease mass of high-performance supercars or in 
sports equipment. Carbon fiber composites are also extensively used in 
the latest generations of long-haul aircraft [9], [10], where the decrease in 
mass is important for reductions in fuel consumption. In recent years, 
carbon fiber composites have started to appear in more and more 
commonplace transportation, for instance the fully electric BMW i3 [11]. 

Another way to decrease the mass is by smart engineering; it is 
possible to reduce mass by incorporating many different functions into a 
single part or material. This part or material is then called 
multifunctional [12]. An example of such a material is a structural power 
composite, which can simultaneously carry mechanical load and store 
electrical energy. These can either be based on capacitive chemistry and 
are then referred to as structural supercapacitors, or battery chemistry in 
which case they are structural batteries [13].  

All work presented in this thesis is on such structural batteries, 
exploring their electrochemical properties, mechanical properties, design, 
construction and life cycle. Interestingly, the field of structural batteries 
joins two different technologies; lithium batteries and carbon fiber 
composites. In order to further understand the concept and its 
challenges, it is suitable to start with introducing these fields in detail.  
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The energy of a battery is often measured in ��or specific energy 
��	
, and power in  or �	
. These properties are measured by 
continuous and controlled charge and discharge of the battery cell, called 
cycling. Another important measurement for a battery is the electrodes’ 
performance, which instead is measured in specific capacity, often 
����
. A common reference for the negative electrode is graphite, which 
has a specific capacity of ��������
. For the positive electrode there are 
many different materials in use, but for example LiFePO4 has a specific 
capacity of around 120 mAh/g. The nominal cell voltage of a lithium ion 
battery is mostly dependent on this positive electrode but usually in the 
order of � � �����. Cycling for a lot of cycles is often desired (up to or over 
1000 cycles), in order to show long term effects in the battery. 
Furthermore, Coulombic efficiency is a metric used to provide an insight 
into side reactions and other losses in the battery cell. It is the ratio of 
inserted capacity to extracted capacity in an electrode, essentially the 
charge transfer efficiency.  

���� ���	�
���������������
Lithium ion batteries are today the most common type of batteries on the 
market, due to their low self-discharge and high specific energy and 
power compared to other battery types [14]. A schematic figure of a 
lithium ion battery cell is shown in Figure 1. The basic function of a 
lithium ion battery is to store electrical energy by transferring lithium 
ions from the positive electrode and storing them in the negative 
electrode. The energy is then released by letting the lithium ions transfer 
back to their original position in the positive electrode. There is a 
secondary reaction to this ion movement; electrons are also moved 
through an electric circuit connecting the two electrodes forming the 
useful electrical current.   

The positive electrode is unusually made from an aluminum foil coated 
with an active material powder, commonly LiFePO4, nickel manganese 
cobalt (NMC), or similar lithium-based ceramics [15], [16]. The positive 
electrode is made the same way, but instead using a copper foil and the 
active material is graphite powder. A separator is used to ensure electrical 
isolation, since the electrodes cannot have electrical contact with each 
other in the cell. This is commonly a porous material made up of fibers or 
polymers. Furthermore, the electrodes require a medium for ion 
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The manufacturing of carbon fibers starts out with a raw material that 
is pitch-based or polyacrylonitrile-based (PAN). The raw material is spun 
into threads containing 1000-24000 filaments, which are then taken 
through multiple steps of heating in inert atmosphere, heating in oxygen 
rich atmosphere, stretching and spinning to form the carbonized fibers, 
where each filament has an approximate diameter of 5 μm. Depending on 
the temperatures in the process, the resulting carbon fibers contain more 
or less hard (amorphous) carbons and graphite [17].  

As a final step within the production of carbon fiber, the tows are taken 
through a bath of sizing. Sizing is a polymer coating on the carbon fibers 
used to improve the handleability of the carbon fiber tow, as well as 
functionalizing the carbon fiber surface for added adhesion to different 
polymer matrices [18]. The carbon fiber tows are then wound onto 
bobbins for the next step in the process.  

The carbon fibers are either used as they are and placed as a tow in a 
mold with a fiber placing machine, a slow and expensive process, or the 
carbon fibers are made into fabrics. This is to ease handling and 
production in later steps, since it can form a larger sheet that can be 
applied layer-wise instead of in single threads. Woven fabrics are made 
using traditional textile techniques which thread a weft above and under 
a warp. There are also stitched (non-crimp) fabrics, which places all weft 
tows parallel to each other in one layer and all warp tows in another, 
these are then stitched together with a separate polymer thread. The gain 
with stitched fabrics is that they have no waviness of the fiber tows 
resulting in higher mechanical properties of the final composites. Another 
way to achieve less waviness of the fiber tows is to spread it, which 
reshapes the circular tow into a flat tape. The tape, or spread tow carbon 
fibers, can then be used in woven fabrics, stitched fabrics or in tape-laying 
machines.  

4��	 �� #�&" �!	��%����"�)	�&+	 %$�%)"��	$����"�!)	
The mechanical properties of a structural material are important for 
making stiff and strong materials and structures. The field is commonly 
called solid mechanics and specifically examines the mechanical behavior 
of materials due to forces, temperatures etc. The mechanical properties 
are divided into two parts; stiffness (modulus) is a material’s elastic 
response to a load, a low modulus material deforms more than a higher 
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modulus material, subjected to the same load. Strength, on the other 
hand, is a property of when the material fails under load or stress. 

Steel and aluminum are examples of such structural materials. They 
are part of a group of materials that are isotropic, meaning that they 
require two physical quantities to describe their stiffness: generally the 
elastic modulus (E-modulus) and Poisson’s ratio (or shear modulus). The 
strength is defined by the stress at which the material fails to maintain 
the load.  

A composite material is a material that combines two or more 
constituents in order to bring out the desired properties from each 
constituent and suppress unfavorable properties. A common composite 
material is reinforced concrete, where the concrete has good strength and 
stiffness in compression but breaks easily in tension. Adding steel bar 
reinforcement to the concrete means that the compressive properties are 
retained, while significantly improving tensile properties. One of the 
earliest known composite materials is straw-reinforced clay, from more 
than 2000 years ago [19]. Carbon fiber composites are high performance 
composites, they have a specific stiffness and strength higher than steel 
and aluminum, high chemical resistance and low thermal expansions.  

Composites can be made from almost any combination of materials: 
metals, natural fibers, ceramics, polymers etc. Polymer composites can be 
separated into two groups based on the polymeric reaction: thermosets 
are materials that are cross-polymerized and cannot be re-melted; and, 
thermoplastics  are materials where it is possible to melt the polymer, 
which also affects the different manufacturing methods needed for the 
two types. Thermoplastics are heated before infusion with fibers and 
cooled to become stiff, whereas thermosets are heated to polymerize and 
become stiff. Specifically, carbon fiber composites are generally made 
with a thermoset polymer matrix reinforced by carbon fibers. The 
polymer matrix starts out as a liquid monomer mixed with initiators and 
additives, which is impregnated into the carbon fiber fabric. Outside 
pressure is used in order to compact the carbon fibers and matrix, then 
heat is applied which makes the initiator react and polymerize the 
monomers, creating a stiff and solid polymer matrix, see see Figure 2.  
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Table 1: Material stiffness properties in an orthotropic material  

Property Explanation 

E1 Elastic modulus in the longitudinal direction 

E2 Elastic modulus in the transverse direction 

E3 Elastic modulus in the out-of-plane direction 

�12 (or �21) Poisson’s ratio in the 1-2-plane 

�13 (or �31) Poisson’s ratio in the 1-3-plane 

�23 (or �32) Poisson’s ratio in the 2-3-plane 

G12 Shear modulus in the 1-2-plane 

G13 Shear modulus in the 1-3-plane 

G23 Shear modulus in the 2-3-plane 

There are some further common assumptions that can be made of 
unidirectional composite material, at least in initial investigations, 
namely that the transverse properties and the out-of-plane properties are 
the same (�� � ���, ��� � ����, ��� � ����). Also, the 2-3-plane Poisson’s 
ratio and shear modulus do not have a strong influence on the overall 
properties of the composite and are often assumed to be the same as the 
1-2-plane. Note that the Poisson’s ratios and their inverse (e.g. �����������) 
are not the same, but dependent through eq. 1 below. This leaves four 
independent constants to characterize the modulus of a unidirectional 
composite material.  

� ���
 � � ���

 � � !"#�
The strength of fiber composites is a complete research area of its own. 

The strength of carbon fiber composites also needs to be investigated in 
in all principal as well as shear directions. Analogously to the stiffnesses, 
some assumptions can be made on the equalities between the different 
principal directions reducing the number of constants, at least initially. 
However, the strength of composites is generally not the same in tension 
and compression leading to further challenges in modelling and testing.  

�  
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The basic idea of a structural battery is that by incorporating the load 
carrying function and energy storage into the same material, it should be 
possible to save mass (or volume) on a systems level. This naturally leads 
to a comparison in mass between the multifunctional structural battery 
and the monofunctional structure and battery. The ratio between saved 
mass and total monofunctional system mass can then be considered a 
multifunctional performance. In order for the structural battery to reduce 
system mass in electric transportation, it has to have a positive ratio in 
multifunctional performance.  

The observant reader might already have noted that both the negative 
electrode and carbon fibers contain graphite. Also, the layered 
architecture of lithium ion batteries is akin to that of carbon fiber 
composites. These similarities sparked research combining lithium ion 
batteries and carbon fiber composites [21]–[24]. The basic physical 
reaction that happens in the negative electrode is called intercalation, 
which is the mechanism by which lithium ions are inserted and stored in 
graphite [25]. This intercalation has also been proven to also work well in 
carbon fibers [26], [27]. Furthermore, the stiffness of the carbon fibers is 
not affected by this intercalation but some strength is lost [28], [29]. This 
shows that carbon fibers would work as negative electrodes in a structural 
battery.  

There has also been research on the positive electrode for structural 
batteries, where a LiFePO4 powder is coated onto carbon fibers using 
polyvinylidene fluoride (PVDF) as a binder and carbon black to improve 
electrical contact between carbon fibers and LiFePO4 [30]. This creates 
positive electrodes in which the carbon fibers work both as current 
collectors and reinforcement.  

However, for the lithium ion battery to work, it also has to contain an 
electrolyte; a (liquid) solvent mixed with lithium salt. On the other hand, 
for carbon fiber composites to work, the carbon fibers need to be adhered 
to each other by a solid polymer matrix. These competing properties are a 
challenge for structural batteries and have been the starting point for the 
research presented in this thesis. 

�  
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stresses and volume changes in the electrodes [67], [68]. Other research 
has also presented a model showing how the overall stiffness of the single 
fiber structural battery is affected by this swelling [69], and that thermal 
and diffusion induced stresses are possible in single fiber structural 
batteries [70].  

A model for predicting electrochemical and mechanical properties of a 
laminated structural battery has been presented by [71]. This shows a 
single cell design with one positive and one negative electrode per cell. 
This structural battery cell in [71] is patch-wise laminated in a reinforcing 
casing. The model is used on three different design configurations and 
does not examine any multifunctional performance in relation to 
competing monofunctional systems.  

4��	 ��(%&+	)��� ����!	'�����"�)		
When a carbon fiber is intercalated with lithium ions, more things are 
happening than just energy being stored. Firstly, the lithium-filled carbon 
fiber becomes piezo-electrochemical [72], which means that when a 
mechanical load is applied to the fiber there is a voltage response in the 
electrochemical cell. This phenomenon could be used in order to measure 
the internal strain in the material, essentially an intrinsic stain gauge. 
Furthermore, this voltage response could be utilized to harvest electrical 
energy from mechanically applied load [73].  

Secondly, when a carbon fiber is intercalated with lithium ions, the 
carbon fiber actually expand volumetrically [74], measured to be up to 
1.1% lengthwise and about 5% radially. This phenomenon is well-known 
for graphite [75], [76], with measured expansions in the order of 10% 
between the basal planes and about 1% in the basal planes. Due to the 
high modulus of graphite, about 1100 GPa longitudinally and 30 GPa 
transversally, these expansions lead to graphite particle fracture and 
electrode delamination which is an important aging phenomenon in 
standard lithium ion batteries [77], [78].  

For structural batteries, the expansion due to ion intercalation has not 
yet been shown to exfoliate or fracture the carbon fibers. However, the 
expansion poses other challenges. Since the carbon fibers are stiff and are 
the reinforcement in the material they are highly linked to the overall 
deformations of the structural battery. For a structural battery, the 
internal expansion of the carbon fibers needs to be addressed, both in 
order not to deform the structural battery and to not create internal 
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stresses which could be large enough to delaminate the structure. These 
challenges have been investigated in previous literature [79], which found 
that the deformations can be minimized with smart electrode layup, and 
initial results indicate that the internal stresses are not critical for the 
structure. Nevertheless, the internal strains from carbon fiber expansion 
is important to include in the design of structural batteries.  

In another point of view, this expansion can instead be utilized to 
maximize the global deformations. In which case the (structural battery) 
composite is instead an electrically controlled actuator. A more suitable 
name is a morphing material, since the actuation takes place in a solid-
state, structurally rigid material. 

Actuation materials have a potential to be used in many different 
applications, from aerospace and renewables to robotics and micro/nano 
devices. For example, the wings of an airliner are adjusted between 
takeoff, cruise and landing for the optimal aerodynamic shape in those 
situations. This is today done by heavy and complex hydraulics, 
pneumatics and/or solenoids. These systems are parasitic in volume and 
mass, as well as being maintenance intensive. Instead, solid-state 
morphing materials would significantly reduce the mass and mechanical 
complexity.  

A review of many different actuator types and their 
advantages/disadvantages with regards to actuation force, strain, 
stiffness, frequency, efficiently etc. has been presented [80]. Specifically, 
piezo-electric actuators require high voltages to actuate, and are often 
non-structural, but have high operating frequencies and are reliable. 
[81]–[83]. Pseudo-capacitive actuation requires liquid electrolytes for 
operation which limits their structural use, but they have a high actuation 
frequency, can reach high strains and have low operating voltages [84]–
[91]. Shape memory alloys are controlled by changes in atmosphere, such 
as pressure, humidity or temperature and are not electrically controlled 
[92]. All of these also require a constant supply of power in order to 
maintain deformations, called a zero-power hold. A morphing material 
based on structural batteries would be classified as an intercalation 
actuation material, which on the other hand are known to have limited 
operating frequencies and traditionally have been limited structurally by 
liquid electrolytes [93]–[96].  

The application of morphing materials has been limited since the 
technologies are fairly new, piezo-electric actuators and shape memory 
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The appended papers in this thesis follow three topics, the first 3 papers 
(A, B and C) are covered in section 2.1. They investigate the mechanical 
and electrochemical properties of a carbon fiber composite lamina. This 
lamina is special, since it can simultaneously carry load and intercalate 
lithium ions as a negative electrode in a battery. This composite lamina is 
made from carbon fibers and an electrolyte/matrix material, called a 
structural battery electrolyte (SBE). This SBE and its behavior, buildup, 
electrochemical and basic mechanical properties are investigated in Paper 
A. While in Paper B, this SBE-and-carbon fiber composite lamina is fully 
characterized with regards to its quasi-isotropic moduli and strengths, 
and further analyzed electrochemically. To complement these mechanical 
measurements, microbond testing is performed in Paper C, which 
characterizes the interfacial shear strength and transverse strength 
between the SBE and carbon fibers.  

The next three papers (D, E and F) are presented in section 2.2 and 
revolve around modeling and prediction of properties for a complete 
structural battery. Paper D is supported by the data from Paper A and B 
in order to make a model for a structural battery. This model is used to 
better understand the construction of the structural battery and how 
variables influence the mass saving of a structural battery. Based on this 
knowledge, a prediction is made on possible best properties of a 
structural battery. Paper E then uses the results from Paper D in order to 
assess the structural battery from a life cycle and chemical risk 
perspective. The structural battery is examined in all its phases: 
production, use and recycling, with regards to its climate impact, ozone 
formation, abiotic resource depletion and chemical risks. Paper F 
presents a different approach to disseminate the gains of utilizing 
multifunctional materials in structures.  

Paper E is presented in section 2.3 and it is technically a spin-off from 
the structural battery research. Here, the basic design of a structural 
battery is used, but, instead of using it to store energy in the structure, the 
swelling caused by the intercalation is used to make a structural 
morphing material.  







�������������������	���������
�

process window, Tris(N-nitroso-N-phenylhydr-oxylaminato) 
aluminum (NPAL) inhibitor is added to SBE 1.  

•� SBE 1 had Dimethyl methyl-phosphonate (DMMP) as a solvent 
in the electrolyte, in SBE 2 this was exchanged for Propylene 
carbonate (PC), mostly due to the high toxicity of DMMP.   

Table 2: Chemical components of the two types of SBEs  

Function SBE 1 SBE 2 

Po
ly

m
er

 p
ha

se
 

Monomer Bisphenol A dimethacrylate (A) Bisphenol A ethoxylate 
dimethacrylate (B) 

Initiator 2,2-dimethoxy-2-phenylaceto-
phenone (DMPA)  

2,2′-Azobis(2-methyl-
propionitrile) (AIBN)  

Inhibitor Tris(N-nitroso-N-phenylhydr-
oxylaminato) aluminum (NPAL) 

- 

Additive 2,2′-(Ethylenedioxy)-
diethanethiol (DODT) 

- 

El
ec

tr
ol

yt
e 

ph
as

e 

Solvent  Dimethyl methyl-phosphonate 
(DMMP) 

Propylene carbonate (PC) 

Solvent Ethylene carbonate (EC) 

Salt Lithium trifluoro-methanesulfonate (LiTFS) 

 
Other combinations of SBEs have existed within this and related 

research, specifically Paper A used a slightly adjusted recipe of SBE 1 that 
compared the monomers Bisphenol A dimethacrylate (A) and Bisphenol 
A ethoxylate dimethacrylate explicitly (B). Furthermore, colleagues 
Schneider et al. [113] presented a slightly adjusted version of SBE 2 which 
used the same solvent DMMP as in SBE 1. A note to the reader is that the 
research on these SBEs are not completed, and they are not optimized 
with regards to ion conductivity and mechanical properties meaning that 
further improvements are likely possible. 

���� ��������	�����������������������
In order to explore the degree of polymerization (conversion), Fourier-
transform infrared spectroscopy (FT-IR) was used. By sampling the SBE-
mixture before and after curing, it is possible to measure how well the 
polymerization has used all available crosslink positions.  

The morphology of broken surfaces in the SBE and SBE/carbon fiber 
composites was investigated by scanning electron microscopy (SEM). 
Each sample was immersed in water and then dried in order to remove 
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the electrolyte phase from the SBE prior to SEM-imaging. For improved 
imagining the samples are also sputtered with platinum.  

Dynamic mechanical analysis (DMA) was used on SBE samples 
(without carbon fiber) in order to understand the temperature 
characteristics (Tg etc.) and corresponding elastic modulus of the SBE. 
Electrochemical impedance spectroscopy (EIS) measured the 
conductivity of ions in the SBE.  

Results-wise, the SBE cured well, with a high polymerization 
conversion (between 60% and 95%). DMA showed that the elastic 
modulus is between �$� � �����%&, and EIS showed an ion conductivity 
in the range "�" � ��" ' "��(�)�*�.  

Specifically, in Paper A only the monomer was adjusted between the 
samples, noted as “A”, and “B”, as well as a 1:1 (wt%) mixture of the two 
noted “AB”. Investigating these different samples macroscopically and 
with SEM provided a first indication of the phase separation and its 
behavior, see Figure 9. The SBEs had different opacity depending on the 
amount of monomer “A” and “B”, which was actually correlated to the 
wavelength of visible light. As the morphology of the SBE gets bigger it 
scatters visible light more, while for monomer “B” the morphology was 
smaller than that of visible light, meaning little scattering. This 
morphology-difference is further highlighted in the SEM images in Figure 
9.  

 
Figure 9: SBE morphology and behavior. Top row is macroscopic images of the 
SBE in bulk and the bottom row is SEM images. “A” refers to samples containing 
only the monomer from SBE 1,and “B” is from SBE 2. While “AB” is a 1:1 (wt%) 
mixture of monomer A and B. Reproduced from Paper A.  
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Next, the inclusion of carbon fibers into the SBE was investigated. This 
inclusion, and especially the contact surface between the SBE and the 
carbon fibers is crucial for the multifunctional performance of a 
structural battery. If the carbon fibers favor the structural phase of SBE, 
only this polymer-phase will be present at the carbon fiber surface, 
hindering ion conduction to and from the carbon fiber, significantly 
decreasing the electrochemical performance. The reverse is also true: if 
the carbon fibers favor the electrolyte in the SBE, the mechanical 
interface between the carbon fiber and polymer becomes weak or non-
existent, significantly decreasing the mechanical performance.  

The manufacturing of a composite from carbon fibers and SBE is 
similar to the manufacturing of conventional fiber composites, as 
described in section 1.3. The process for making carbon fibers and SBE 
composites is outlined in Figure 10. In papers A and B carbon fibers of 
the type T800HB-6k-40B [114] were used.  

Thin carbon fiber layers were used in order to increase the 
electrochemical capacity of the composite, since thin layers decrease the 
internal distances. These were obtained by spreading the carbon fiber 
bundles. The spread bundles were placed onto a flat mold, and a copper 
current collector was attached to the carbon fibers with silver conductive 
paint.  

Next, the carbon fibers are sealed in vacuum sealing film and sealing 
tape, with a non-stick film for separating the composite from the 
distribution medium facilitating infusion of the SBE. Since the SBE 
contains lithium salt all mixing and infusion is carried out in an oxygen 
and moisture free environment (<1 ppm O2 and <1 ppm H2O). Vacuum 
was applied to one end of the layup and SBE infused from the opposite 
end.  

The infused SBE was then cured, using a UV-light for SBE 1 and heat 
for SBE 2, which polymerized the solution and created the phase-
separated network of the SBE. The finalized carbon fiber/SBE composite 
was removed from the vacuum equipment ready for use in 
electrochemical or mechanical testing.  
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for the carbon fibers and a nickel current collector for the lithium metal 
were used in order to connect the cell to the outside of the pouch.  

The electrochemical cell was then cycled by galvanostatic cycling, 
meaning a constant current is applied to the cell. The current was chosen 
in order to reach a specific charging time, longer charging time (20h and 
more) requires a low current, often about "��$����
 or less. A long 
charging time will provide an upper bound on maximum capacity of the 
cell. Shorter charging times are used to investigate rate capability and 
transport limitations in a cell - important properties for more application-
based research.  

The capacity of these carbon fibers was measured to be approximately 
��������
 which is considered a high capacity, since the theoretical 
maximum of graphite is ��������
. Typical cycling curves of the 
structural negative electrode are shown in Figure 12.  

 
Figure 12: Typical lithiation and delithiation curves for the structural negative 
electrode, showing the first, second and 10th cycle. Adapted from Paper B. 
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Since there are four independent constants in order to define a 
unidirectional fiber composite lamina, measuring these requires four 
different measurements. Typically measuring the elastic modulus of a 
material is done with tensile testing like ASTM D3039 [115]. However, 
since the carbon fibers are spread, the final composite lamina was thin 
and not suitable to test using this tensile method, especially in the 
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transverse direction. Instead, an unconventional method had to be 
adapted in order to measure the mechanical properties of this lamina.  

The method consists of adhering the sample to a substrate and testing 
the laminate in three-point bending, see Figure 13. Knowing the bending 
stiffness of the substrate means that it is then possible to back-calculate 
the elastic modulus of the sample. This was done by first measuring only 
the substrate in three-point bending, and then measuring samples 
adhered to substrates.  

 
Figure 13: Three-point bending. 1) Substrate only is measured in order to 
measure its bending stiffness. 2) Samples adhered to substrates are measured, 
the material properties of the sample can then be back-calculated using the 
known substrate stiffness.  

In order to back-calculate the elastic modulus of the sample the combined 
bending stiffness is calculated by the following equation:  

 + � ,�-� .-� !�#�
Where + is the bending stiffness of the combined laminate of the 

sample adhered to the substrate, � contains the materials’ elastic 
modulus and - is the cross-thickness coordinate [116], see Figure 14. The 
origin is located at the neutral axis of the laminate and given by:  

 ,�- .- � �� !�#�
The location of the neutral axis is then found to be in accordance with 

the following relationship:  

�������������	
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where / is the off-axis-angle and �0 is the effective elastic modulus of the 
material at that angle, while �� and �� were known from previous testing 
of the material. This value also requires the measurement of the Poisson’s 
ratios, which we will go over in the next paragraph. A good feature of this 
three-point bend test is that by turning the samples upside down, the 
stresses in the sample will instead be compressive, facilitating the 
measurement of compressive strengths of the lamina.  

To measure the Poisson’s ratio, the strains in the material have to be 
measured in the longitudinal and transverse directions. Traditionally this 
is done with strain gauges, but with better imaging techniques and 
computer recognition software, a digital image correlation (DIC) method 
for strain measurements is available. This method uses multiple still 
images of a loaded material, taken at a steady rate. Tiny dots are painted 
onto the material with spray paint, with the DIC software is then finding 
these dots and tracking their movement. This movement enables the 
calculation of the material strains.  

Such a DIC system was used for structural battery electrode laminae. 
Samples were tabbed in order to facilitate gripping, and then tested in 
pure tension in the longitudinal direction. This provided the Poisson’s 
ratio ���, and ��� is known through equation 1. It also provided a second 
reference-measurement of the longitudinal elastic modulus and strength.  

As can be seen in equation 5, the thicknesses of the sample and 
substrate are important. All thicknesses are measured using a 
micrometer. The substrate is measured separately and then the combined 
thickness is measured of the substrate and sample. Measurements are 
taken at three positions along the length of each sample and the average 
thickness of each sample is used for that sample only.  

All mechanical results for these laminas are presented in Table 3, 
where non-cycled samples are samples containing carbon fibers and SBE 
1 that have not been electrochemically cycled. The data shows that there 
is no statistical difference between the material properties for a non-
cycled sample and a cycled sample. If anything, the cycled sample seems 
to be on the upper end between the two. Control samples were also 
included using carbon fibers and only the polymer phase of the SBE, they 
have higher moduli and strengths, which is expected since they don’t 
contain any electrolyte.  

The presented strength values should be treated as indicative, since the 
load case doesn’t allow for complete failure of the composite. In some 
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cases, delamination between the substrate and the sample was the first 
failure mode, which indicates that the strength of the sample is 
underestimated. The strength was found from the first deviation from 
linearity in the load-displacement curves, see Figure 15. This point is not 
a common brittle failure as is often seen in composites, since the 
substrate still had the ability to carry load after the failure of the lamina.  

It should also be noted that previous research has found a decrease in 
the strength of pure carbon fibers due to intercalation of lithium into the 
fibers [28], [29]. This loss in tensile strength of the carbon fibers due to 
lithium ion intercalation could not be found in the structural negative 
electrodes, most likely due to delamination or matrix cracking happening 
before any fiber failure.    

Table 3: Results from mechanical measurements on a structural negative 
electrode. “Non-cycled” denotes laminae that have had no electrochemical 
contact, “cycled” denotes electrochemical charging and discharging before 
mechanical measurements. “Control” are samples made without any electrolyte 
phase. Data marked with an asterisk are measured in pure tension with DIC 
and the rest are measured with a three-point bending method.  

Property  
SBE lamina 

Control lamina 
Non-cycled Cycled 

E1 [GPa] 52 ± 3 (47 ± 5*) 52 ± 2 57 ± 3 (51 ± 6*) 

E2 [GPa] 1.7 ± 0.3 1.9 ± 0.2 3.6 ± 0.3 

G12 [GPa] 1.5 ± 0.2 1.6 ± 0.2 1.9 ± 0.2 

ν12 [-] 0.36 ± 0.01* - 0.44 ± 0.04* 

σ1 tension [MPa] 982 ± 65 (680 ± 88*) 965 ± 134 1046 ± 128 (640 ± 89*) 

σ2 tension [MPa] 12.1 ± 1.6 14.7 ± 3.3 20.0 ± 7.4 

σ1 compression [MPa] 997 ± 59 849 ± 106 1038 ± 130 

σ2 compression [MPa] 11.7 ± 5.2 11.4 ± 1.5 24.3 ± 5.5 

τ12 [MPa] 13.2 ± 2.4 14.6 ± 3.1 16.5 ± 3.7 
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Figure 15: Typical load-displacement curves for the longitudinal and transverse 
three-point bending measurements.  First deviation from linearity is marked 
with an asterisk. Adapted from Paper B. 
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The goal for a structural battery is to make gains on a systems level. The 
typical metrics used for battery or structural performance, such as 
electrochemical capacity and mechanical stiffness, often appear mediocre 
for structural batteries when compared with monofunctional 
components. However, these metrics do not take into account the whole 
system, so another metric is needed in order to analyze systems level 
gains. Here we define a multifunctional efficiency metric [117]–[119]:  

 1�� � )2��)2 3
+4��+4 � !�#�

)2�� is a specific multifunctional mechanical property, for instance 
longitudinal elastic modulus divided by mass, )2 is the same 
monofunctional property, the ratio between them represents a 
mechanical efficiency of the structural battery. +4�� is a specific 
multifunctional electrical property, i.e. energy density, with +4 the same 
monofunctional property, the ration between them represents an 
electrical efficiency of the structural battery. The multifunctional material 
can make gains on a systems level if 1�� 5 ".  

The electrochemical and mechanical results presented previously were 
examined with this method, the results of which are presented with 
graphs in Figure 16. The y-axis shows the electrochemical efficiency, and 
the x-axis the mechanical efficiency, meaning that any points on the 
diagonal will satisfy the relationship in equation 8. Figure 16 a) shows the 
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results normalized with the same results for the control sample, and 
Figure 16 b) is the results normalized with the corresponding properties 
of a standard UD carbon fiber and epoxy prepreg [120].  

The graphs in Figure 16 indicate that the structural negative electrode 
manufactured and tested in this research may have the potential to make 
a structural battery that can outperform a monofunctional battery and 
monofunctional structure.  

 
Figure 16: Multifunctional efficiency plotted on a graph of structural efficiency 
vs. electrochemical efficiency. a) shows the electrochemical results normalized 
with the control sample. b) shows the electrochemical results normalized with 
the properties of a standard UD carbon fiber and epoxy prepreg [120]. 
Reproduced from Paper B. 
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Keep in mind that the SBE used in this research is a two-phase system, 
utilizing a solid polymer phase for mechanical rigidity and a liquid phase 
for ion conduction. This is necessary for distributing mechanical load 
between the fibers in the composite while also conducting lithium ions. 
These same requirements are equally essential for the interface between 
the SBE and the carbon fibers in the negative electrode. The results 
presented in Figure 16 does show that this interface can fulfil both, but 
not to what degree. In order to further investigate the interface 
properties, a study was made in Paper C where the adhesive properties of 
SBE 1 and SBE 2 are compared and bench-marked against a commercial 
vinyl ester resin. The vinyl ester resin was chosen since it matches the 
chemical composition of the monomers used in the SBEs.  
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One challenge with this interface is that all commercial carbon fibers 
are coated with a polymer layer called sizing for surface treatment and 
handling. Little is known about the chemical composition of such sizing 
since it is generally a trade secret of each manufacturer. Two similar 
fibers with different sizings have been chosen for this study; T800HB-6k-
40B [114] and T800SC-12k-50C [121] referred to as T800H and T800S 
respectively. They are both manufactured by Toray Carbon fibers 
America, Inc. T800H has a sizing which is suited for “Epoxy, phenolic, 
BMI” while the sizing for T800S suits “General purpose: Epoxy, 
phenolic, polyester, vinyl ester”. These carbon fibers are also oxidation 
treated during manufacture which is explained as “Oxygen atoms are 
chemically added to the surface of the fiber to increase the bonding 
characteristics” [122]. 

This means that the combination of T800H and SBE 1 is exactly the 
same as in Paper A and B. Also, the combination T800S and SBE 2 is 
similar to a system presented by Schneider et al. [113], with the only 
difference being a different solvent in the electrolyte.  

The same three-point bending method was also used as in Paper A and 
B (section 2.1.2.2) to measure the transverse tensile properties. The 
strength from this testing provides a qualitative comparison for the 
transverse strength of the matrix and fiber combinations. In order to 
further investigate the interface adhesion, a microbond test method was 
chosen since it does not require the SBE to be transparent (see Figure 9). 
The method measures the interfacial shear strength (IFSS) on micro 
droplets on single carbon fibers, see Figure 17. This measures the strength 
in a different direction and size-scale than the three-point bending 
method. The microbond method consists of first separating single carbon 
fibers, which are barely visible with the naked eye, from the tows. In 
order to contain the fibers, the single fibers were adhered to a paper 
frame for handling and later clamping. Single drops of matrix (SBE or 
vinyl ester) were placed onto each carbon fiber and subsequently cured 
forming a droplet. Testing was performed by placing steel blades around 
the carbon fiber which hindered the droplet from passing through 
forming a boundary and clamping of the droplet. The load was applied to 
the carbon fiber which resulted in a shear load in the interface between 
the carbon fiber and the droplet.  
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The goal of the structural battery is to save mass on a systems level, 
which is why direct mass-saving was used as a metric in this model. It 
would be possible to use the multifunctional efficiency [117]–[119] to 
present all the results in this model, but mass-saving was chosen here as 
it is an easier number to recognize. Nevertheless, the multifunctional 
efficiency is still presented and used in some results and discussions.  

The choice of monofunctional systems to compare with are important 
with regards to the potential to save mass. In this analysis, two tough 
rivals are chosen: an airplane grade UD carbon fiber and epoxy 
composite, and a high energy density lithium ion battery. The carbon 
fiber composite is considered to be laminated with the same layup as the 
structural battery.  

The methodology starts off with constructing a structural battery, the 
model is built to calculate the electrochemical storage, the mechanical 
response, as well as the mass of this structural battery ��	. Next, the 
model compares this to a monofunctional carbon fiber composite that has 
the same mechanical response as the structural battery and thus a known 
mass �66. The energy content of the structural battery is then matched by 
a monofunctional lithium ion battery, which then has a known mass �
�	, 
see Figure 19. The mass of the structural battery is compared to the 
combined mass of the monofunctional carbon fiber composite and the 
monofunctional lithium ion battery with the desire to fulfil the following 
relationship: 

 ��	 7 �66 3�
�	� !�#�

 
Figure 19: Buildup and comparison made in the model, in order to predict mass 
saving potential of the structural battery. Adapted from Paper D. 
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This energy density is characteristic for a commercial energy optimized 
cell commonly used in the industry. Given the total energy storage of the 
structural battery, the mass of this standard lithium ion battery is given 
such that it can store the same amount of energy.  
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The input values for the structural battery are given from the current 
state of structural battery research, which is not yet optimized or refined 
for large scale production. This design marks the start of these 
predictions and is referred to as the initial design.  

Given the highly developed nature and high performance of both 
conventional carbon fiber composites and standard lithium ion batteries, 
it is understandable that the structural battery may struggle. In fact, the 
results show that the structural batteries using the initial design is 5.5% 
heavier than the combined mass of the conventional carbon fiber 
composite and standard lithium ion battery. Thus, showing that 
improvements are needed on the structural battery design in order to 
save mass.  

�������� �
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In order to further understand the design of structural batteries and find 
possible improvements, a variable sensitivity analysis was made. These 
variables were chosen as those which are easiest to control with further 
improvements of material handling, manufacturing methods and SBE 
properties. Each variable was varied in a range corresponding to what is 
physically possible and reasonable for the given variable, while all other 
variables are kept constant. The results from the variable sensitivity show 
that a majority of the parameters have a large impact on the potential to 
save mass, see Figure 21. Improvements can be made by increasing the 
volume fraction of carbon fibers in the electrodes (Figure 21a and b) and 
spreading the fibers narrower (Figure 21e). The opposite behavior is true 
for the volume fraction of glass fibers in the separator (Figure 21c). Also, 
the thickness of the separator should be reduced (Figure 21d) and any 
improvements in the ionic conductivity of the SBE are beneficial (Figure 
21f). 



����������������������������
�

 
Figure 21: Results from variable sensitivity analysis, each variable is varied 
individually while the others are kept constant. a) shows the sensitivity of the 
carbon fiber volume fraction in the negative electrode. b) shows the same for the 
positive electrode. c) sensitivity of glass fiber volume fraction in the separator. 
d) is the sensitivity of the separator thickness. e) is the carbon fiber area density 
(essentially spreading density) and f) is the sensitivity of the ion conductivity in 
the SBE. Reproduced from Paper D. 
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All the improvements highlighted from the variable sensitivity were then 
applied in the model to predict possibilities of the structural battery 
design. This provides a projection on what is reasonably achievable with a 
structural battery and is referred to as a target design, signifying an 
objective for future research on structural batteries.  
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The gain from these design improvements are highlighted in a 
multifunctional efficiency graph (similar to Figure 16). But here, the 
structural efficiency is normalized with the mass and deflection of the 
conventional carbon fiber composite, and the electrochemical efficiency is 
normalized with the specific energy of the standard lithium ion battery, 
see Figure 22. The results show that with the target design of the 
structural battery it is surpassing the diagonal and thus can save mass on 
a system level, in fact the mass saving potential is 26%.  

 
Figure 22: Comparison between the initial design and the target design in an 
efficiency graph, highlighting the improvements that are possible in the 
structural battery design.  
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The developed model of the structural battery was implemented in four 
different use-cases: the roof of an electric vehicle, the interior panels in an 
airplane, the chassis of a laptop computer and the hull of an electric ferry. 
All of which also include a conventional lithium battery. Some of these 
are in the original case made from other materials than carbon fiber 
composites, in which case they are first remade with an updated design 
consisting of carbon fiber composites. This leads to a mass saving due to 
the improved material properties of the carbon fiber composite. Next, this 
case is compared to a multifunctional design, showing mass saving in all 
cases, see Figure 23. The results show that structural batteries have the 
potential to save mass in all cases. 
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Figure 23: Possible use-cases of structural batteries and the potential to save 
mass. a) the roof of an electric vehicle. b) the face sheets in airplane interior. c) 
the chassis of a laptop computer. d) the face sheets of the hull of an electric ferry. 
Adapted from Paper D. 
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In Paper E, a life cycle assessment (LCA) was carried out to investigate 
the environmental impacts of the structural battery. It included all stages 
of its life cycle: from raw material extraction, to usage and recycling. Also, 
this LCA was complemented with a chemical risk assessment (CRA) 
analyzing the chemicals in the structural battery with the focus on toxicity 
and chemical dangers in manufacturing, usage and recycling. 

LCA and CRA are commonly done in order to predict and measure 
environmental impacts, and they are specifically used in order to find 
which materials or processes are contributing the most to those impacts. 
It is therefore especially fruitful to make such assessments early in the 
product development in order to help steer the design of materials and 
manufacturing processes to more environmentally friendly solutions 
[124]–[127]. This also means that such assessments are prospective in 
nature, since the final materials and processes could be different from 
that which was initially investigated.  

The environmental impacts in the LCA are investigated with three 
different metrics; the first is kilograms of equivalent CO2 (kg CO2-eq), a 
metric for greenhouse gas emissions which contribute to global warming. 
Second is kilograms nitrogen oxide equivalent (kg NOx-eq) which 
measures the photochemical ozone formation. And, third is grams of 
antimony equivalents (g Sb-eq) which is a metric for resource depletion.  

A breakdown of the LCA results for a large electric vehicle are shown in 
Figure 24. The numbers represent a change in environmental impacts 
when replacing a steel roof and an equivalent part of the original traction 
battery with a structural battery, i.e. negative values show a decrease in 
environmental impact by implementing a structural battery. The results 
highlight that the structural battery can, according to most metrics and 
cases, save on environmental impacts. The net life cycle climate impact 
for driving in Sweden with the initial design are not saving environmental 
impact. Interestingly, this is due to the clean energy when driving in 
Sweden meaning that it is harder to compensate manufacturing 
emissions by saving energy during the use phase.  

For the CRA, the risks of the chemicals were classified based on the 
different stages in the life cycle. Some chemicals are only present in the 
manufacturing, while other are reacted chemically during the 
manufacturing which changes the toxicity and risks, for instance the 
monomer in the SBE polymerizing. The results from the CRA mainly 
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show that the chemicals ethylene carbonate and dimethyl 
methylphosphonate, both solvents in the electrolyte are the most 
challenging from a toxicity perspective and should be considered for 
replacement in future implementations. Propylene carbonate has been 
suggested as a replacement for dimethyl methylphosphonate, with 
significantly lower risks, which has already been introduced in the newer 
SBE 2 (see Table 2).  
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Figure 24: Results from LCA analysis of replacing an original steel roof and 
traction lithium ion battery in a large electric vehicle with a structural battery. 
Negative values represent a decrease in environmental impacts. a) Greenhouse 
emissions. b) Photochemical ozone formation. c) Resource depletion. Adapted 
from Paper E. 
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The conventional method for investigating multifunctional performance 
called multifunctional efficiency [117]–[119] is a good approach to 
understand and explore multifunctional systems, especially for engineers 
and scientist with such multifunctional backgrounds. But this specialized 
metric is not straightforward to understand for someone outside the 
multifunctional research field. Mass saving, as utilized in Paper D, is 
another way to present the same data. But it lacks specifics for material 
engineering properties, e.g. modulus/strength or energy/power. For 
presenting the gains to someone without a background in multifunctional 
materials, it would be helpful if the properties of the multifunctional 
material could be presented according to well-known engineering 
properties in the respective monofunctional fields.  

For a mechanical engineer, those properties include material elastic 
modulus (measured in �%&) or strength (�%&), but also global stiffness 
characteristics such as deflection or extensions. For a battery engineer, 
properties like energy (�) or power () are most central. To scrutinize 
different materials with respect to mass, these properties are often 
presented by their specific numbers, i.e. property divided by mass. 
Alternatively, if volume is critical, they can be presented by property 
densities (property divided by volume). Also, economic cost is often 
central, which could be implemented in the same way.  

The main challenge when presenting such properties for a structural 
battery is that it can theoretically never outperform the individual 
comparison with state-of-the-art carbon fiber composites or lithium ion 
batteries. In other words, the inclusion of the second function in the 
material decreases the efficiency of the first function. For instance, when 
investigating the structural battery in Paper D, the upper limit of the 
target design reaches a specific energy of about ""����	
. This 
structural battery was saving mass even though the state-of-the-art 
lithium ion battery had a specific energy of "�����	
. Trying to 
convince someone from the battery community that the structural battery 
is a viable option can be challenging when only presenting these 
numbers. The same applies for the load-carrying properties of the 
structural battery and the structural engineering community.  

In Paper F a new metric for comparing a multifunctional material with 
monofunctional materials was presented. This takes into account the 
mass of the opposing function when calculating specific properties of the 
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material, thus mapping the gains from multifunctionality into 
conventional engineering metrics.  

For an electrical engineer with the task of lowering the weight of an 
electrical sub-system, he or she would be using the electrical energy and 
power requirements (8 and 9) and comparing the specific energy (84) and 
power (92) of different batteries (or supercapacitors). The winning battery 
would be that which has the highest specific energy or power giving the 
lowest mass as:  

 �� � �� :884 � �
9
92;� !"�#�

Likewise, a structural engineer with the task of lowering the mass of a 
structure can investigate different choices of construction materials. 
Given some mechanical constraints, such as bending deflection�-, in-
plane stiffness �0 or shear strength <0� etc. the best material would be 
that which has the highest specific properties (-2, �20, <20�) which would 
give the lowest mass of the mechanical sub-system as:  

 �� � ��=-�-2 � �
�0�20 � �

<0�<20�>� !""#�
Once the two winning solutions are found the material selection is 

usually finished providing a lowest possible system mass of �� 3��. Any 
improvements by newly released batteries or improved materials would 
be scrutinized in the same way and are likely to only provide minor 
weight reductions. An interesting note is that these two engineers rarely 
collaborate. 

It is natural that the winning electrical and mechanical sub-systems are 
of the highest performance available. When comparing these sub-systems 
to a multifunctional one it is thus inevitable that it will always have a 
larger mass (���) than any of the monofunctional sub-systems, such that  

 ��� 5 ����?����� 5 ��� !"�#�
This is due to the fact that an added function will always contribute to 

added mass of the multifunctional system.  
The multifunctional option for this system would have to fulfill all 

electrical requirements as well as all mechanical constraints. And, the 
traditional way to calculate the specific properties for this multifunctional 
system is by:  
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This means that 84�� will always be smaller than 84 , 92�� smaller than 92 

etc. and the multifunctional system will never win the comparisons made 
in equation 10 and 11, even if it would produce a lower system mass.  

In order to make a comparison that incorporates the combined 
improvements, residual masses are created. A residual mass is 
comparing the multifunctional system with one of the monofunctional 
systems. It is essentially the remaining mass for the opposite 
monofunctional system, such that when combined, they have the same 
mass as the multifunctional system. See Figure 25a and b for the two 
opposite residuals. The residual masses are calculated by:  

 ����	� � ��� ����

����	� � ��� ���� !"�#�
From these masses, the residual specific properties are calculated as:  

 84��� � �
��������92��� � �
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behavior accurately due to the large deformations. Instead an alternate 
approach is used, knowing some prior characteristics of the morphing 
material. Specifically, the length does not change with actuation, and due 
to the cause of the deformation the shape of the structure follows a 
circular arc, see Figure 31. The length of the structure is @, its curvature 
A � "�B, and the circle segment angle is defined as C � A@. Furthermore, 
the geometry gives that ��� C � !B � 8#�B, and thus the cantilever tip 
displacement can be expressed using:  

 8 � "
A !" � ��� A@#� !"$#�

The curvature is given by  A � ��+ where � is the moment in the 
laminate, and + is the bending stiffness. The bending stiffness does not 
change within the structure, meaning that the moment is also lengthwise 
constant.  

 
Figure 31:Large deformation geometry of the morphing structure. 

The moment can be calculated using the following equation [116]: 
 � � ,D�-.-� !"�#�

non-actuated

actuated
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Where D is the strain in the material, � is the elastic modulus, and - is 
the through laminate coordinate. The thickness of the carbon fiber layers 
is denoted �E� with an elastic modulus �E� and the thickness of the 
separator is ��. An assumption is made that the strain due to depletion 
and filling of lithium ions is the same with opposite signs in the two layers 
such that D� � �D� � D. Also, the separator is soft in comparison to the 
carbon fiber layers and also centered over the neutral axis, thus its 
contributions are neglected, giving the expression:  

 � �  ��
� :FGE� 3 ��

�H
� � F���H

�; !D��D�#�� !"�#�
All layer thicknesses are measured using an optical microscope and the 

elastic modulus of the carbon fiber layer is calculated using rule of 
mixtures.  

The predictions match well to both measured bending stiffness, and in-
plane stiffness. Furthermore, the deflection prediction and curvature is 
found to match well with measured values as shown in Figure 32. A finite 
element solution using large deformation theory and a thermal stress 
analogy is also presented, which matches the analytical results exactly. 

 
Figure 32: Graph showing measured displacement and curvature of the 
morphing laminate compared to analytical and finite element predictions. 
Deviation at large charge difference �� is due to the morphing structure 
colliding with the test rig wall. Reproduced from Paper G. 
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Paper A presents a new phase-separated structural battery electrolyte, 
this a reaction induced separation between a liquid phase and a stiff 
thermosetting polymer phase resulting in a sub-micron scale percolating 
network. It is possible to tweak its domain size by choice of monomer, 
highlighted by both SEM and the opacity of the material. Furthermore, it 
is shown that the SBE can be combined with carbon fibers in order to 
achieve a structural lamina and half-cell capable of carrying mechanical 
load and storing electrical energy.  

Paper B further investigate this SBE in the carbon fiber structural 
lamina, measuring further electrochemical properties and characterizing 
the lamina by its complete quasi-isotropic mechanical properties by using 
a three-point bending approach. The results are promising, both 
electrochemically and mechanically, and shows the possibility for the 
structural half-cell to outperform monofunctional systems.  

In Paper C, two different SBEs are compared with regards to their 
interphase adhesion to two different carbon fiber types. These SBEs are 
bench-marked against a commercial vinyl ester matrix. The results show 
that there is a difference in adhesion between the two SBEs, but no 
statistical difference between the adhesion to the two different carbon 
fiber types. As expected, the SBEs have a lower adhesive strength than the 
vinyl ester matrix, since the SBEs are phase separated and only part of the 
SBEs contribute to adhesion. The results highlight a need for further 
understanding at this complex interface, in order to be able to control 
both electrochemical and mechanical properties.  

Paper D and E make an effort to predict future properties of structural 
batteries, implementing results from, among others, Paper B. The first 
constructs an analytical model for the structural battery in order to 
understand important variables and their effects on mechanical and 
electrochemical properties. With improvements to the structural battery 
constituents it is shown to be able to outperform state-of-the-art 
monofunctional structures and batteries. The latter, Paper E, uses the 
data calculated in Paper D to perform an LCA and CRA for utilizing the 
structural battery in an electric vehicle. The results show that a structural 
battery can reduce environmental impacts compared to steel and 
standard lithium ion batteries.  
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In Paper F, a new method to disseminate the gains of a multifunctional 
material is described. This method maps the data from the 
multifunctional material to well-known monofunctional performance 
metrics in order to be easily understood by engineers without a 
multifunctional background. The method is intended to aid 
dissemination of structural batteries to a broader group of scientists and 
engineers.  

Last, but not least, Paper G shows a different use-case, essentially a 
spin-off from the structural battery research. It shows, for the first time, a 
solid-state morphing structure, which is lightweight and stiff, is morphed 
at low potentials, exhibits zero-power hold and can produce large 
deformations with high specific actuation energies. This technology has 
the potential to be implemented in aerodynamic structures for flow 
control, for instance in aeronautics and renewables, as well as robotics. It 
is limited in frequency by the slow intercalation reaction of lithium ions 
into graphite (carbon fibers) but can likely be improved by shorter 
internal distances and thinner carbon fibers. The morphing structure has 
a lower limit of size of individual carbon fibers, and larger structures can 
be made by lamination similar to conventional carbon fiber composites. 
Furthermore, by adjusting the layup directions and in which order certain 
layers are morphed, different modes of morphing, such as rolling, 
twisting or bending can be conceived.  

In general, the first part of this thesis highlights a new SBE system and 
shows that this has the potential to be used in structural batteries. The 
second part shows that these structural batteries can outperform 
traditional monofunctional engineering methods by creating stiff energy 
storing composites. Almost mass-less energy! Also, the technologies and 
methods are implemented on a device-level, showing extremely 
promising morphing capabilities capable of disrupting traditional 
actuation and morphing technologies.  

�  
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There are a large number of unknown properties of the structural battery. 
To start with, the full-cell structural battery has yet not been materialized, 
the research is well on its way with combining negative electrodes, 
separators and positive electrodes. Showing a complete structural battery 
would be a major leap in technology readiness.  

In the case of electrochemical properties of the structural full cell, it 
will have the same type of challenges as standard lithium ion batteries. An 
example is the gas formation in cells at high potentials, leading to 
reduced power and energy of the battery. This phenomenon is not proven 
or investigated for structural batteries and might be required in the 
future.  

Furthermore, the power output of the structural battery is unknown 
and likely not high. This is usually the case in battery research; first 
producing high energy batteries and secondly optimizing for power 
output. It is likely that structural batteries will follow the same trend, and 
improvements can be envisioned by higher conductivity SBEs, thinner 
separators and smaller carbon fibers, but significant research is needed to 
reach this. Another way to increase both energy and power is to use a 
different active material in the positive electrode with a higher potential. 
Today, most research on structural batteries considers LiFePO4, while 
materials such as NMC could be better from an energy and power 
perspective. However, NMC is not as good from an LCA perspective, since 
it has a lot higher abiotic depletion.  

In the case of the SBE, it is not optimized, and little is known about 
how the SBE “should” look and behave. Both modelling and testing is 
needed to further understand SBE morphology, tortuosity, adhesive 
properties, elastic moduli, strength, ion conductivity, formation etc. Also, 
the inclusion of positive electrodes makes the system even more complex; 
by introducing even more unknown material interfaces.  

Continuing on these challenges, the modelling in Paper D showed that, 
for both improved electrochemical and mechanical properties of the 
structural battery, the separator should be as thin as possible and not 
contain glass fibers. Still, the electrodes need to be electrically insulated. 
A method to minimize this separator distance is not yet in place. One 
such method would be to coat the carbon fibers in either electrode with a 
thin separator layer. But specific research is needed to make this happen.  
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Another extremely important aspect for the structural battery is the 
casing, it is required to be completely impenetrable from moisture, which 
could otherwise destroy the cell. Not only a moisture boundary is 
necessary, but also a barrier to protect against UV and other 
environmental factors. One important factor is mechanical damage from 
impacts etc., which could penetrate the moisture boundary and destroy 
the structural battery. One potential risk is that this could cause a fire in 
the structural battery, leading to a potentially dangerous decrease in its 
ability to carry load. No fire properties of the structural battery have so 
far been assessed. 

All of these properties are unlikely to become issues if a sufficient 
lifetime of the structural battery cannot be achieved. For a battery in an 
electric vehicle the number of required cycles is generally above 1000 
cycles. Structural half-cells have never been tested at such high cycle 
numbers, further research is needed to measure and predict such 
properties. 

Structural batteries are a fascinating research area, anytime we try to 
make experiments to understand a phenomenon in the material we 
embark on new things to investigate. The research has only started, and it 
is nevertheless promising. It is with excitement that I will be following 
future research from my colleagues and others.  

 
 
�  
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