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Executive Summary

In September 2011, EPA contracted with SRA International (SRA) to conduct a peer review of
Demonstrating the Safety and Crashworthiness of a 2020 Model-Year, Mass-Reduced Crossover Vehicle
(Lotus Phase 2 Report), developed by Lotus Engineering, Inc.

The peer reviewers selected by SRA were William Joost (U.S. Department of Energy), CG Cantemir,
Glenn Daehn, David Emerling, Kristina Kennedy, Tony Luscher, and Leo Rusli (The Ohio State University),
Douglas Richman (Kaiser Aluminum), and Srdjan Simunovic (Oak Ridge National Laboratory). In addition,
Srdjan Simunovic and members of the OSU team reviewed various elements of the associated LS-DYNA
modeling. EPA would like to extend its appreciation to all of the reviewers for their efforts in evaluating
this report and the modeling. The reviewers brought useful and distinctive views in response to the
charge questions.

The first section of this document contains the final SRA report summarizing the peer review of the
Lotus Phase 2 Report, including the detailed comments of each peer reviewer and a compilation of
reviewer comments according to the series of specific questions set forth in the peer review charge.
The SRA report also contains the peer reviewers’ resumes, completed conflict of interest and bias
questionnaires for each reviewer, and the peer review charge letter. The second major section contains
our responses to the peer reviewers’ comments. In this section, we repeat the compiled comments
provided by SRA and, after each section of comments, provide our response. We have retained the
organization reflected in SRA’s compilation of the comments to aid the reader in moving from the SRA
report to our responses.



TO: Cheryl Caffrey, U.S. Environmental Protection Agency, Office of Transportation and Air
Quality (OTAQ)

FROM: Brian Menard, SRA International
DATE: February 28, 2012
SUBJECT: Peer Review of Demonstrating the Safety and Crashworthiness of a 2020 Model-Year,

Mass-Reduced Crossover Vehicle (Lotus Phase 2 Report), developed by Lotus
Engineering, Inc.

1. Background

In developing programs to reduce GHG emissions and increase fuel economy, the U.S. Environmental
Protection Agency (EPA), the California Air Resources Board (CARB), and the National Highway
Transportation Safety Administration (NHTSA) have to assess the use of mass-reduction technology in
light-duty vehicles. The availability, feasibility, and validation of lightweight materials and design
techniques in the 2020 — 2025 timeframe is of high importance, especially considering its potential to be
one of the major technology areas that could be utilized to help achieve the vehicle GHG and fuel
economy goals.

The 2011 study by Lotus Engineering, Demonstrating the Safety and Crashworthiness of a 2020 Model-
Year, Mass Reduced Crossover Vehicle, was done under contract from CARB, coordinated by EPA and
CARB, and involved technical collaboration on safety with NHTSA. The study was conducted specifically
to help assess a number of critical questions related to mass-reduced vehicle designs in the 2020 — 2025
timeframe.

The Lotus study involves the design development and crashworthiness safety validation of a mass-
reduced redesign of a crossover sport utility vehicle (i.e., starting from a 2009 Toyota Venza baseline)
using advanced materials and design techniques. The research entails the full conceptual redesign of a
vehicle. This review for the 2011 Lotus study is referred to as “Phase 2” because it builds upon Lotus’
previous 2010 study An Assessment of Mass Reduction Opportunities for a 2017-2020 Model Year
Vehicle Program, which for context is referred to as “Phase 1” here and in the 2011 study. This is noted
because the 2011 “Phase 2” study involves the non-body components (e.g., interior, suspension, chassis)
relating back to “Phase 1” work. The Phase 1 BIW was redesigned in the Phase 2 work using an
engineering design, safety testing, and validation of the vehicle’s body-in-white structure.

This report documents the peer review of the Lotus Phase 2 Report. Section 2 of this memorandum
describes the process for selecting reviewers, administering the review process, and closing the peer
review. Section 3 summarizes reviewer comments according to the series of specific questions set forth
in matrix contained in the peer review charge. The appendices to the memorandum contain the peer
reviewers’ resumes, completed conflict of interest and bias questionnaires for each reviewer, and the
peer review charge letter.



2. Description of Review Process

In August 2011, OTAQ contacted SRA International to facilitate the peer review of the Lotus Phase 2
Report. The model and documentation were developed by Lotus Engineering, Inc.

EPA provided SRA with a short list of subject matter experts from academia and industry to serve as a
“starting point” from which to assemble a list of peer reviewer candidates. SRA selected three
independent (as defined in Sections 1.2.6 and 1.2.7 of EPA’s Peer Review Handbook, Third Edition)
subject matter experts to conduct the requested reviews. SRA selected subject matter experts familiar
with automotive engineering and manufacturing, automotive materials, crash simulation, and cost
assessment. The coverage of these subject areas is shown below in Table A.

Table A:
Peer Reviewer Experience and Expertise

Coverage
Name Affiliation | Automotive| Bonding | Manufacturing| Crash Cost LS-DYNA
materials | forming assembly simulation | assessment| analysis
. Kaiser
Douglas Richman Aluminum Y Y Y / Y /
William Joost US DOE Y Y Y / / /
Oak Ridge
Srdjan Simunovic National Y Y / Y / Y
Laboratory
Glenn Daehn The tho State v v v v v v
etal. University

To ensure the independence and impartiality of the peer review, SRA was solely responsible for
selecting the peer review panel. Appendix A of this report contains the resumes of the three peer
reviewers. A crucial element in selecting peer reviewers was to determine whether reviewers had any
actual or perceived conflicts of interest or bias that might prevent them from conducting a fair and
impartial review of the CVCM and documentation. SRA required each reviewer to complete and sign a
conflict of interest and bias questionnaire. Appendix B of this report contains an explanation of the
process and standards for judging conflict and bias along with copies of each reviewer’s signed
questionnaire.

SRA provided the reviewers a copy of the most recent version of the Lotus Phase 2 Report as well as the
peer review charge. The charge included a matrix of questions issues upon which the reviewers were
asked to comment. Reviewers were also encouraged to provide additional comments, particularly in
their areas of expertise and work experience. Appendix C of this report contains the memo to reviewers
from SRA with the peer review charge.

Two teleconferences between EPA, Lotus Engineering, the reviewers, and SRA was held to allow
reviewers the opportunity to raise any questions or concerns they might have about the Lotus Phase 2
Report and associated LS-DYNA modeling, and to raise any other related issues with EPA and SRA,




including EPA’s expectations for the reviewers’ final review comments. The notes of this conference
call are contained in Appendix C, following the peer review charge. SRA delivered the final review
comments to EPA by the requested date. These reviews, contained in Appendix D of this report,
included the reviewers’ response to the specific charge questions and any additional comments they
might have had.

3. Compilation of Review Comments

The Lotus Phase 2 Report was reviewed by William Joost (U.S. Department of Energy), CG Cantemir,
Glenn Daehn, David Emerling, Kristina Kennedy, Tony Luscher, and Leo Rusli (The Ohio State University
(OSU)), Douglas Richman (Kaiser Aluminum), and Srdjan Simunovic (Oak Ridge National Laboratory). In
addition, Srdjan Simunovic and members of the OSU team reviewed various elements of the associated
LS-DYNA modeling. Appendix A contains detailed resumes for each of the reviewers. This section
provides a compilation of their comments. The complete comments may be found in Appendix D.



1. ASSUMPTIONS AND DATA
SOURCES

COMMENTS

Please comment on the validity of
any data sources and assumptions
embedded in the study’s material
choices, vehicle design, crash
validation testing, and cost
assessment that could affect its
findings.

[Joost] The accuracy of the stress-strain data used for each material during CAE and crash analysis is critically important
for determining accurate crash response. The sources cited for the material data are credible; however the Al yield
stresses used appear to be on the high side of the expected properties for the alloy-temper systems proposed here. The
authors may need to address the use of the slightly higher numbers (for example, 6061-T6 is shown with a yield stress of
308 MPa, where standard reported values are usually closer to 275 MPa).

[Richman] Aluminum alloys and tempers selected and appropriate and proven for the intended applications. Engineering
data used for those materials and product forms accurately represent minimum expected minimum expected properties
normally used for automotive design purposes.

Simulation results indicate a vehicle utilizing the PH 2 structure is potentially capable of meeting FMVSS requirements.
Physical test results have not been presented to confirm model validity, some simulation results indicate unusual
structural performance and the models do not address occupant loading conditions which are the FMVSS validation
criteria. Simulation results alone would not be considered “validation” of PH 2 structure safety performance.

Cost estimates for the PH 2 vehicle are questionable. Cost modeling methodology relies on engineering estimates and
supplier cost projections. The level of analytical rigor in this approach raises uncertainties about resulting cost estimates.
Inconsistencies in reported piece count differences between baseline and PH 2 structures challenge a major reported
source of cost savings. Impact of blanking recovery on aluminum sheet product net cost was explicitly not considered.
Labor rates assumed for BIW manufacturing were $20/Hr below prevailing Toyota labor rate implicit in baseline Venza cost
analysis. Cost estimates for individual stamping tool are substantially below typical tooling cost experienced for similar
products. Impact of blanking recovery and labor rates alone would increase BIW cost by over $200.

[OSU] Material data, for the most part, seems reasonably representative of what would be used in this type of automotive
construction. Some of the materials are more prevalent in other industries like rail, than in automotive.

Material specifications used in this report were nominal; however, reviewers would like to see min/max material
specifications taken into consideration.




If you find issues with data sources
and assumptions, please provide
suggestions for available data that
would improve the study.

[Joost] Materials properties describing failure are not indicated (with the exception of Mg, which shows an in-plane failure
strain of 6%). It seems unlikely that the Al and Steel components in the vehicle will remain below the strain localization or
failure limits of the material; it’s not clear how failure of these materials was determined in the models. The authors
should indicate how failure was accounted for; if it was not, the authors will need to explain why the assumption of
uniform plasticity throughout the crash event is valid for these materials. This could be done by showing that the
maximum strain conditions predicted in the model are below the typical localization or failure limits of the materials (if
that is true, anyway).

Empirical determination of the joint properties was a good decision for this study. The author indicates that lap-shear tests
demonstrated that failure occurred outside of the bond, and therefore adhesive failure was not included in the model.
However, the joints will experience a variety of stress states that differ from lap-shear during a crash event. While not a
major deficiency, it would be preferable to provide some discussion of why lap-shear results can be extended to all stress
states for joint failure mode. Alternatively, the author could also provide testing data for other joint stress states such as
bending, torsion, and cross tension.

[Richman] No comment.
[OSU] References for all of the materials and adhesives would be very helpful.

[Simunovic] The overall methodology used by the authors of the Phase 2 study is fundamentally solid and follows
standard practices from the crashworthiness engineering. Several suggestions are offered that may enhance the outcome
of the study.

Material Properties and Models

Reduction of vehicle weight is commonly pursued by use of lightweight materials and advanced designs. Direct
substitution of materials on a component level is possible only conceptually because of the other constraints stemming
from the material properties, function of the component, its dimensions, packaging, etc. Therefore, one cannot decide on
material substitutions solely on potential weight savings. In general, an overall re-design is required, as was demonstrated
in the study under review. An overview of the recent lightweight material concept vehicle initiatives is given in Lutsey,
Nicholas P., "Review of Technical Literature and Trends Related to Automobile Mass-Reduction Technology." Institute of
Transportation Studies, University of California, Davis, Research Report UCD-ITS-RR-10-10 (2010).

The primary body material for the baseline vehicle, 2009 Toyota Venza, is mild steel. Except for about 8% of Dual Phase
steel with 590 MPa designation, everything else is the material which has been used in automobiles for almost a century
and for which extensive design experience and manufacturing technologies exist. On the other hand, the High
Development vehicle concept employs novel lightweight materials, many of which are still under development, such as Mg
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alloys and fiber reinforced polymer matrix composites. These materials are yet to be used in large quantities in mass
production automobiles. Their lack of market penetration is due not only to a higher manufacturing cost, but also due to
an insufficient understanding, experience and characterization of their mechanical behavior. To compensate for these
uncertainties, designers must use higher safety factors, which then often eliminate any potential weight savings. In
computational modeling, these uncertainties are manifested by the lack of material performance data, inadequate
constitutive models and a lack of validated models for the phenomena that was not of a concern when designing with the
conventional materials. For example, mild steel components dissipate crash energy through formation of deep folds in
which material can undergo strains over 100%. Both analytical [Jones, Norman, "Structural Impact", Cambridge University
Press (1997).] and computational methods [Ted Belytschko, T., Liu, W.-K., Moran, B., "Nonlinear Finite Elements for
Continua and Structures", Wiley (2000).] of the continuum mechanics are sufficiently developed to be able to deal with
such configurations. On the other hand, Mg alloys, cannot sustain such large deformations and strain gradients and,
therefore, require development of computational methods to model material degradation, fracturing, and failure in
general.

The material data for the vehicle model is provided in section 4.4.2. of the Phase 2 report. The stress-strain curves in the
figures are most likely curves of effective plastic strain and flow stress for isotropic plasticity material constitutive models
that use that form of data, such as the LS-DYNA ["LS-DYNA Keyword User's Manual", Livermore Software Technology
Corporation (LSTC), version 971, (2010).] constitutive model number 24, named MAT_PIECEWISE_LINEAR_PLASTICITY. A
list detailing the constitutive model formulation for each of the materials of structural significance in the study would help
to clarify this issue. Also the design rationale for dimensioning and selection of materials for the main structural parts
would help in understanding the design decisions made by the authors of the study. The included material data does not
include strain rate sensitivity, so it is assumed that the strain rate effect was not considered. Strain rate sensitivity can be
an important strengthening mechanism in metals. For hcp (hexagonal close-packed) materials, such as AM60, high strain
rate may also lead to change in the underlying mechanism of deformation, damage evolution, failure criterion, etc. Data
for strain rate tests can be found in the open source [http://thyme.ornl.gov/Mg_new], although the properties can vary
considerably with material processing and microstructure. The source of material data in the study was often attributed to
private communications. Those should be included in the report, if possible, or in cases when the data is available from
documented source, such as reference ["Atlas of Stress-Strain Curves", 2nd Ed., ASM International (2002).], referencing
can be changed. Properties for aluminum and steel were taken from publicly available sources and private
communications and are within accepted ranges.

Material Parameters and Model for Magnesium Alloy AM60

The mechanical response of Mg alloys involves anisotropy, anisotropic hardening, yield asymmetry, relatively low ductility,
strain rate sensitivity, and significant degradation of effective properties due to the formation and growth of micro-defects
under loading [Nyberg EA, AA Luo, K Sadayappan, and W Shi, "Magnesium for Future Autos." Advanced Materials &
Processes 166(10):35-37 (2008).]. It has been shown, for example, that ductility of die-cast AM60 depends strongly on its




microstructure [Chadha, G; Allison, JE; Jones, JW, "The role of microstructure and porosity in ductility of die cast AM50 and
AMGB60 magnesium alloys," Magnesium Technology 2004, pp. 181-186 (2004).], and, by extension, on the section thickness
of the samples. In case when a vehicle component does not play a strong role in crash, its material model and parameters
can be described with simple models, such as isotropic plasticity, with piecewise linear hardening curve. However,
magnesium is extensively used across the High Development vehicle design [An Assessment of Mass Reduction
Opportunities for a 2017-2020 Model Year Vehicle Program, Lotus Engineering Inc., Rev 006A, (2010).]. In Phase 1 report,
magnesium is found in many components that are in the direct path of the frontal crash (e.g. NCAP test). Pages 40-42 of
Phase 1 report show magnesium as material for front-end module (FEM), shock towers, wheel housing, dash panel, toe
board and front transition member. The front transition member seems to be the component that provides rear support
for the front chassis rail. However, in Phase 2 report, pages 35-37, shock towers and this component were marked as made
out of aluminum. A zoomed section of the Figure 4.2.3.d from the Phase 2 report is shown in Figure 1. [See Simunovic
Comments, p. 4.] The presumed part identified as the front transition member is marked with an arrow.

These assignments were not possible to confirm from the crash model since the input files were encrypted. In any case,
since Mg AMG60 alloy is used in such important role for the frontal crash, a more detailed material model than the one
implied by the graph on page 32 of Phase 2 report [1] would be warranted. More accurate failure model is needed, as well.
The failure criteria in LS-DYNA [6] are mostly limited to threshold values of equivalent strains and/or stresses. However,
combination of damage model with plasticity and damage-initiated failure would probably yield a better accuracy for
AMG60.

Material Models for Composites

Understanding of mechanical properties for material denoted as Nylon_45 2a (reference [1] page 33) would be much
more improved if the constituents and fiber arrangement were described in more detail. Numbers 45 and 2 may be
indicating +/- 45° fiber arrangement, however, a short addition of material configuration would eliminate unnecessary
speculation. An ideal plasticity model of 60% limit strain for this material seems to be overly optimistic. Other composite
models available in LS-DYNA may be a much better option.

[Simunovic, cont.]

Joint Models

Welded joints are modeled by variation of properties in the Heat Affected Zone (HAZ) and threshold force for cutoff
strength. HAZs are relatively easy to identify in the model because their IDs are in 1,000,000 range as specified on page 21
of the report [1]. An example of the approach is shown in Figure 2 [See Simunovic Comments, p. 5.], where the arrows
mark HAZs.

This particular connection contains welds (for joining aluminum parts) and bolts (for joining aluminum and magnesium).
HAZ properties were not given in the report and they could not be checked in the model due to encryption. The bolt model
properties were described that it fails at 130 MPa (page 38 of the report [1]), which corresponds to the yield stress of
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AMG60. The importance of these joints cannot be overstated. They enforce stability of the axial deformation mode in the
rails that in turn enables dissipation of the impact energy. The crash sequence of the connection between the front end
module and the front rail is shown in Figure 3. [See Simunovic Comments, p. 6.]

The cracks in the front end module (Figure 3.2) and the separation between the front end module and the front rail (Figure
3.3) are clearly visible. This zone experiences very large permanent deformations, as shown in Figure 4. [See Simunovic
Comments, p. 6.]

It is not clear from the simulations which failure criterion dominates the process. Is it the failure of the HAZ or is it the spot
weld limit force or stress. Given the importance of this joint on the overall crash response, additional information about
the joint sub-models would be very beneficial to a reader.

ADDITIONAL COMMENTS:

[Richman] Study includes an impressive amount of design, crash, and cost analysis information. The radical part count reduction needs to be more fully
explained or de-emphasized. Report also should address the greatly reduced tooling and assembly costs relative to the experience of today's automakers.
Some conservatism would be appropriate regarding potential shortcomings in interior design and aesthetics influencing customer expectations and acceptance.

[OSU] One broad comment is that this report needs to be more strongly placed in the context of the state of the art as established by available literature. For
example the work only contains 7 formal references. Also, it is not clear where material data came from in specific cases (this should be formally referenced,
even if a private communication) and the exact source of data such in as the comparative data in Figure 4.3.2 is not clear. Words like Intillicosting are used to
denote the source of data and we believe that refers to a specific subcontract let to the firm ‘intellicosting’ for this work and those results are shown here. This

needs to be made explicitly clear.
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2. VEHICLE DESIGN
METHODOLOGICAL RIGOR

COMMENTS

Please comment on the methods
used to analyze the materials
selected, forming techniques,
bonding processes, and parts
integration, as well as the resulting
final vehicle design.

[Joost] While appropriate forming methods and materials appear to have been selected, a detailed description of the
material selection and trade-off process is not provided. One significant exception is the discussion and tables regarding
the replacement of Mg components with Al and steel components in order to meet crash requirements.

Similarly, while appropriate joining techniques seem to have been used, the process for selecting the processes and
materials is not clear. Additionally, little detail is provided on the joining techniques used here. A major technical hurdle in
the implementation of multi-material systems is the quality, durability, and performance of the joints. Additional effort
should be expended towards describing the joining techniques used here and characterizing the performance.

[Richman] Adhesive bonding and FSW processes used in PH 2 have been proven in volume production and would be
expected to perform well in this application. Some discussion of joining system for magnesium closure inner panels to
aluminum external skin and AHSS “B” pillar to aluminum body would improve understanding and confidence in those
elements of the design.

Parts integration information is vague and appears inconsistent. Parts integration. Major mass and cost savings are
attributed to parts integration. Data presented does not appear to results.

Final design appears capable of meeting functional, durability and FMVSS requirements. Some increase in mass and cost
are likely to resolve structure and NVH issues encountered in component and vehicle level physical testing.

[OSU] More details are needed on the various aspects of joining and fastening. Comment on assembly.

Please describe the extent to
which state-of-the-art design
methods have been employed as
well as the extent to which the
associated analysis exhibits strong
technical rigor.

[Joost] Design is a challenging process and the most important aspect is having a capable and experienced design team
supporting the project; Lotus clearly meets this need and adds credibility to the design results.

One area that is omitted from the analysis is durability (fatigue and corrosion) performance of the structure. Significant
use of Al, Al joints, and multi-material joints introduces the potential for both fatigue and corrosion failure that are
unacceptable in an automotive product. It would be helpful to include narrative describing the good durability
performance of conventional (i.e. not Bentley, Ferrari, etc.) vehicles that use similar materials and joints in production
without significant durability problems. In some cases, (say the weld-bonded Al-Mg joints), production examples do not
exist so there should be an explanation of how these could meet durability requirements.

[Richman] Vehicle design methodology utilizing Opti-Struct, NASTRAN and LS-Dyna is represents a comprehensive and

12



rigorous approach to BIW structural design and materials optimization.

[OSU] In order to qualify for mass production, a process must be very repeatable. Figure 4.2.4.a shows the results from 5
test coupons. There are significant differences between all of these in peak strength and energy absorption. Such a spread
of results would not be acceptable in terms of production.

[Simunovic] The Phase 2 design study of the High Development vehicle considered large number of crash scenarios from
the FMVSS and IIHS tests. The simulations show reasonable results and deformations. Energy measures show that models
are stable and have no sudden spikes that would lead to instabilities. The discretization of the sheet material is primarily
done by proportionate quadrilateral shell elements, with relatively few triangular elements. The mesh density is relatively
uniform without large variations in element sizes and aspect ratios. However, in my opinion, there are two issues that
need to be addressed. One is the modeling of material failure/fracture and the other is the design of the crush zone with
respect to the overall stopping distance. While the former may be a part of proprietary technology, the latter issue should
be added to the description in order to better understand the design at hand.

Material Failure Models and Criteria

One of the modeling aspects that is usually not considered in conventional designs is modeling of material fracture/failure.
In the Phase 2 report [1] material failure is indicated only in AM60 although it may be reasonably expected in other
materials in the model. Modeling of material failure in continuum mechanics is a fairly complex undertaking. In the current
Lotus High Development model, material failure and fracture are apparently modeled by element deletion. In this
approach, when a finite element reaches some failure criteria, the element is removed from simulations, which then
allows for creation of free surfaces and volumes in the structure. This approach is notoriously mesh-dependent. It implies
that the characteristic dimension for the material strain localization is of the size of the finite element where localization
and failure happen to occur. Addition of the strain rate sensitivity to a material model can both improve fidelity of the
material model, and as an added benefit, it can also help to regularize the response during strain localization. Depending
on the amount of stored internal energy and stiffness in the deleted elements, the entire simulation can be polluted by the
element deletion errors and become unstable. Assuming that only AM60 parts in the Lotus model have failure criterion, it
would not be too difficult for the authors to describe it in more depth. Since AM60 is such a critical material in the design,
perturbation of its properties, mesh geometry perturbations and different discretization densities, should be considered
and investigate how do they affect the convergence of the critical measures, such as crash distances.

A good illustration of the importance of the failure criteria is the response of the AM60 front end module during crash.
This component is always in the top group of components ranked by the dissipated energy. Figure 5 [See Simunovic
Comments, p. 7.] shows deformation of the front end module during the full frontal crash.

Notice large cracks open in the mid span, on the sides, and punched out holes at the locations of the connection with the
front rail and the shotgun. Mesh refinement study of this component would be interesting and could also indicate the
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robustness of the design. Decision to design such a structurally important part out of Mg would be interesting to a reader.

There are other components that also include failure model even though they are clearly not made out of magnesium nor
are their failure criteria defined in the Phase 2 report. Figure 6 [See Simunovic Comments, p. 8.] shows the sequence of
deformation of the front left rail as viewed from the right side of the vehicle.

The axial crash of the front rails is ensured by their connection to the front end, rear S-shaped support and to the
connections to the sub-frame. Figure 7 [See Simunovic Comments, p. 8.] shows the detail of the connectors between the
left crush rail to the subframe.

Tearing of the top of the support (blue) can be clearly observed in Figure 7. The importance of this connection for the
overall response may warrant parametric studies for failure parameters and mesh discretization.

Crash Performance of the High Development Vehicle Design

From the safety perspective, the most challenging crash scenario is the full profile frontal crash into a flat rigid barrier. The
output files for the NCAP 35 mph test were provided by Lotus Engineering and used for evaluation of the vehicle design
methodological rigor.

The two accelerometer traces from the simulation at the lower B-pillar locations are shown in Figure 8. [See Simunovic
Comments, p. 9.] When compared with NHTSA test 6601, the simulation accelerometer and displacement traces indicate
much shorter crush length than the baseline vehicle.

When compared vehicle deformations before and after the crush, it becomes obvious where the deformation occurs.
Figure 9 [See Simunovic Comments, p. 10.] shows the deformation of the front rail members.

It can be seen that almost all deformation occurs in the space spanned by the front frame rails. As marked in Figure 1, the
front transition member (or a differently named component in case my material assignment assumption was not correct),
supports the front rail so that it axially crushed and dissipated as much energy, as possible. For that purpose, this front rail
rear support was made extremely stiff and it does not appreciably deform during the crash (Figure 10). [See Simunovic
Comments, p. 10.] It has internal reinforcing structure that has not been described in the report. These reinforcements
enables it to reduce bending and axial deformations in order to provide steady support for the axial crush of the aluminum
rail tube.

This design decision reduces the possible crush zone and stopping distance to the distance between the front of the
bumper and the front of the rail support (Figure 9). The effective crash length can be clearly seen in Figure 11. [See
Simunovic Comments, p. 11.]
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We can see from the above figure that the front rail supports undergo minimal displacements and that all the impact
energy must be dissipated in a very short span. Figure 12 [See Simunovic Comments, p. 12.] shows the points of interest to
determine the boundary of the crush zone, and an assumption that crash energy dissipation occurs ahead of the front
support for the lower rail.

Figure 13 [See Simunovic Comments, p. 12.] gives the history of the axial displacements for the two points above. At their
maximum points, the relative reduction of their distance from the starting condition is 0.7 inches.

Since the distance between the front of the rail support and the rocker remains practically unchanged during the test, we
can reasonably assume that majority of the crash energy is dissipated in less than 22 inches. To quickly evaluate the
feasibility of the proposed design, we can use the concept of the Equivalent Square Wave (ESW) ["Vehicle crashworthiness
and occupant protection", American Iron and Steel Institute, Priya, Prasad and Belwafa, Jamel E., Eds. (2004).]. ESW
assumes constant, rectangular, impact pulse for the entire length of the stopping distance (in our case equal to 22 in) from
initial velocity (35 mph). ESW represents an equivalent constant rectangular shaped pulse to an arbitrary input pulse. In
our case ESW is about 22 g. Sled tests and occupant model simulations indicate that crash pulses exceeding ESW of 20 g
will have difficulties to satisfy FMVSS 208 crash dummy performance criteria [11]. For a flat front barrier crash of 35 mph
and an ESW of 20 g, the minimum stopping distance is 24 in. Advanced restraint systems and early trigger airbags may
need to be used in order to satisfy the injury criteria and provide sufficient ride down time for the vehicle occupants.

The authors of the study do not elaborate on the safety indicators. | firmly believe that such a discussion would be very
informative and valuable to a wide audience. On several places, the authors state values for average accelerations up to 30
ms from the impact, and average accelerations after 30 ms. When stated without a context, these numbers do not help
the readers who are not versed in the concepts of crashworthiness. The authors most likely refer to the effectiveness time
of the restraint systems. An overview of the concepts followed by a discussion of the occupant safety calculations for this
particular design would be very valuable.

If you are aware of better methods
employed and documented
elsewhere to help select and
analyze advanced vehicle materials
and design engineering rigor for
2020-2025 vehicles, please suggest
how they might be used to
improve this study.

[Joost] No comment.
[Richman] No comment.

[OSU] No suggestions at this time.
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ADDITIONAL COMMENTS:

[Joost] This is a very thorough design process, undertaken by a very credible design organization (Lotus). There are a variety of design assumptions and trade-
offs that were made during the process (as discussed above), but this would be expected for any study of this type. Having a design team from Lotus adds
credibility to the assumptions and design work that was done here.

Section 4.5.8.1 uses current “production” vehicles as examples for the feasibility of these techniques. However, many of the examples are for extremely high-
end vehicles (Bentley, Lotus Evora, McLaren) and the remaining examples are for low-production, high-end vehicles (MB E class, Dodge Viper, etc.). The cost of
some technologies can be expected to come down before 2020, but it is not reasonable to assume that (for example) the composites technologies used in
Lamborghinis will be cost competitive on any time scale; significant advances in composite technology will need to be made in order to be cost competitive on a
Venza, and the resulting material is likely to differ considerably (in both properties and manufacturing technique) from the Lamborghini grade material.

[Richman] [1] Achieving a 37% BIW mass reduction with a multi material design optimized for safety performance is consistent with recent research and
production vehicle experience. BIW mass reductions resulting from conversion of conventional BIW structures to aluminum based multi-material BIW have
ranged from 35%-39% (Jaguar XJ, Audi A8) to 47% (OEM study). BIW related mass reductions above 40% were achieved where the baseline structure was
predominantly mild steel. A recent University of Aachen (Germany) concluded BIW structures optimized for safety performance utilizing low mass engineering
materials can achieve 35-40% mass reduction compared to a BIW optimized using conventional body materials. A recent BIW weight reduction study
conducted at the University of Aachen (Germany)”. http://www.eaa.net/en/applications/automotive/studies/

Most of the BIW content (materials, manufacturing processes) selected for the PH 2 vehicle have been in successful volume auto industry production for
several years.

[2] Closures/Fenders: Mass reduction in the closure and fender group is 59 Kg, 41% of baseline Venza. This level of mass reduction is consistent with results of
the Aachen and IBIS studies and industry experience on current production vehicles. Hood and fenders on the PH 2 vehicle are aluminum. Recent Ducker
Worldwide Survey of 2012 North American Vehicles found over 30% of all North American vehicles have aluminum hoods and over 15% of vehicle have
aluminum fenders. PH 2 use of aluminum for closure panels is consistent with recognized industry trends for these components. PH 2 doors utilize aluminum
outer skins over cast magnesium inner panels.

[3] Material properties: Aluminum alloy and temper selection for BIW and Closures are appropriate for those components. Those materials have been used in
automotive applications for several years and are growing in popularity in future vehicle programs.

[4] Typical vs. Minimum properties: Automobile structural designs are typically based on minimum mechanical properties. Report does not identify the data
used (minimum or typical). Aluminum property data used in for the PH 2 design represents expected minimum values for the alloys and tempers. This

reviewer is not able to comment on property values used for the other materials used in the BIW.

[5] Aluminum pre-treatment: PH 2 vehicle structure utilizes adhesive bonding of major structural elements. Production vehicle experience confirms pre-
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treatment of sheet and extruded aluminum bonding surfaces is required to achieve maximum joint integrity and durability. PH 2 vehicle description indicates
sheet material is anodized as a pre-treatment. From the report it is not clear that pretreatment is also applied to extruded elements.

The majority of high volume aluminum programs in North America have moved away from electrochemical anodizing as a pre-treatment. Current practice is
use of a more effective, lower cost and environmentally compatible chemical conversion process. These processes are similar to Alodine treatment.
Predominant aluminum pre-treatments today are provided by Novelis (formerly Alcan Rolled Products) and Alcoa (Alcoa 951). Both processes achieve similar
results and need to be applied to the sheet and extruded elements that will be bonded in assembly

[6] Suspension and Chassis: Suspension/chassis PH 2 mass reduction is 162 Kg (43% of baseline). This level of mass reduction is higher than has been seen in
similar studies. Lotus PH 2 includes conversion of steering knuckles, suspension arms and the engine cradle to aluminum castings. Mass reductions estimated
for conversion of those components are estimated at approximately 50%. Recent Ducker study found aluminum knuckles are currently used on over 50% of
North American vehicles and aluminum control arms are used on over 30% of North American vehicles. Achieving 50% mass reduction through conversion of
these components to aluminum is consistent with industry experience.

[7] Wheel/Tire: Total wheel and tire mass reduction of 64 Kg (46%) is projected for the wheel and tire group. Project mass reduction is achieved through a
reduction in wheel and tire masses and elimination of the spare tire and tool kit.

Tire mass reduction is made possible by a 30% reduction in vehicle mass. Projected tire mass reduction is 6 Kg for 4 tires combined. This mass reduction is
consistent with appropriate tire selection for PH 2 vehicle final mass.

Road wheel mass reduction is 5.6 Kg (54%) per wheel. It is not clear from the report how this magnitude of reduction is achieved. The report attributes wheel
mass reduction to possibilities with the Ablation casting process. PH 1 report discussion of Ablation casting states: “The process would be expected to save
approximately 1 Kg per wheel.” Considering the magnitude of this mass reduction a more detailed description of wheel mass reduction would be appropriate.

Elimination of the spare tire and jack reduces vehicle mass by 23 Kg. This is feasible but has customer perceptions of vehicle utility implications. Past OEM
initiatives to eliminate a spare tire have encountered consumer resistance leading to reinstatement of the spare system in some vehicles.

[8] Engine and Driveline: Engine and driveline for the PH 2 vehicle were defined by the study sponsors and not evaluated for additional mass reduction in the
Lotus study. Baseline Venza is equipped with a technically comprehensive conventional 2.7 L4 with aluminum engine block and heads and conventional 6
speed transmission. PH 2 vehicle is equipped with a dual mode hybrid drive system powered by a turbocharged 1.0 L L-4 balance shaft engine. Engine was
designed by Lotus and sized to meet the PH 2 vehicle performance and charging requirements. Mass reduction achieved with the PH 2 powertrain is 54 Kg.
This level of mass reduction appears achievable based on results of secondary mass reductions resulting from vehicle level mass reductions in excess of 20%.

[9] Interior: Lotus PH 2 design includes major redesign