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Art Center College of Design
One of the world’s preeminent art and design colleges, Art Center College of Design 

is renowned for its culture of innovation, rigorous transdisciplinary curriculum, superb 

professional faculty and extensive relationships with industry. For 80 years, Art Center 

has prepared an influential group of artists and designers to become leaders both in 

their chosen fields and the world at large. 

1700 Lida Street, Pasadena, CA 91103
626.396.2373  artcenter.edu
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From the editors

Welcome to the latest issue of the Caltech Undergraduate Research Journal! It is once again our pleasure to 

highlight some of the recent scientific accomplishments made by undergraduates at both Caltech and JPL. 

Summer after summer, talented and enthusiastic young scientists from around the world flock to Pasadena 

for 10 weeks to partake in numerous ongoing research projects led by our world-renowned scientists. These 

students have demonstrated a great commitment to science through their endeavors, and have helped 

contribute to the advancement of knowledge.

CURJ is honored to partner with all of Caltech’s Student and Faculty Programs to highlight some of 

the cutting edge research done by four young scientists: Lisa Eshun-Wilson, Davide Gerosa, Herbert 

Mehnert, and Adam Ryason. Their research topics range from tissue regeneration to modeling tire-ground 

interactions, and the variety in their research showcases only a tiny portion of all the diverse research taking 

place at both Caltech and JPL.

With all the exciting student research at Caltech, let us not overlook the constant and unwavering support of 

the dedicated faculty and mentors. CURJ would like to thank all the faculty and mentors for their dedication 

and investment in the future of science. Moreover, CURJ is pleased to feature an interview of a new 

professor, Viviana Gradinaru, in this issue.

Professor Gradinaru is an expert in the field of optogenetics. She played an essential part in the development 

of optogenetics before arriving at Caltech. Since then, she has only further propelled this new field of biology. 

Currently, her lab at Caltech focuses on the neural connectivity in behavior and the development of tools for 

electrical and biochemical control of such neural connectivity. Fitting with the Caltech community’s long 

history of scientists leading their fields, Professor Gradinaru is surely an inspiration to all young scientists.

Finally, we thank you for picking up this latest edition of CURJ and certainly hope that you enjoy it. As 

always, you can find more information about CURJ as well as previous issues on our website (curj.caltech.

edu). Feel free to tell us your thoughts!

Best regards,

Edward Fouad and Conway Xu
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Viviana Gradinaru is an assistant professor at Caltech. 
She played an instrumental role in the development 
of optogenetics during her doctoral and postdoctoral 
studies at Stanford. Her lab is currently studying 
neural connectivity in behavior and developing tools 
for electrical and biochemical control. In the follow-
ing interview, she discusses her research and road to 
academia, and offers advice to current students.

 What are the big questions your lab is asking?
Our lab looks at the role that neuronal connectivity plays in 
behavior. We want to understand what underlies our behavior 
in different contexts and we think that the way that different 
neurons connect and communicate is the key to this. That’s the 
big question. But to answer this question, we need tools to visu-
alize and manipulate the neurons. Some of the existing tools are 
still inadequate, so we’re working on new ones to activate and 
inhibit activity, as well as to map intact circuits. Optogenetics 
and CLARITY, which I worked on previously during my PhD and 
postdoc, are examples of these new tools. Of course, these are 
just starting points. If a project takes an interesting direction 
that we didn’t anticipate, we’ll follow it.

Interview with Viviana Gradinaru
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What are some specific problems your lab is working on?
We are interested in how much use and abuse our circuits can 
take before they malfunction. Aging is one factor we’re look-
ing at, and chronic stress is another. If you think about life at 
Caltech, it can be pretty intense and stressful! So how much 
stress can we take and even thrive with, and when is too much? 
What do circuits do when it’s too much? Can we prevent or 
slow down the malfunctions in the brain? 

Tell us about your work on Deep Brain Stimulation.
This ties into our research on aging, because a big problem 
with aging is Parkinson’s disease. One current therapy for 
Parkinson’s is deep brain stimulation, where you zap the brain 
in a particular spot and then the tremors go away. Surprisingly, 
the mechanism by which this works is still unknown. We want 
to know how DBS works, not only because of Parkinson’s alone, 
but also for  broader reasons: electrical stimulation of the brain 
can impact behavior. If we understand the mechanism, we can 
better predict which other circuits to target with DBS to aid in 
other disorders as well. 
 
 Do you foresee clinical uses of these tools?
For researchers right now, these tools are allowing us to un-
derstand what circuits are responsible for the disease and for 
therapy. The field is still young and very much basic research 
at the moment, but I could imagine having optogenetic DBS or 
optogenetic rodent models for better drug screening. 

 What drew you to these types of questions?
The draw for neurodegeneration came from my research as an 
undergraduate here at Caltech. I was working with Paul Patter-
son on a project on Huntington’s disease and we were introduc-
ing polyQ protein aggregates in culture. I learned a lot from this 
experience, but it emphasized to me the limited tools available 
to tackle intact systems.

 Optogenetics and CLARITY are ground breaking tools. 
Can you tell us more about how you approach tool 
development?
Good tools have to fit many criteria. They need to be easy to 
use and reliable. The ease of assay is important: how is the 
tool delivered and what is the readout?  Ideally, the tools are 
also versatile and able to be repurposed. Basically, we want to 
make tools that can be used by anyone, not just the lab that 
first created them. A good example is opsins. They were first 
used in neurons in the brain, but have been repurposed to the 
eye as well as to cardiac cells or to alter biochemical signals. It 
takes many iterations to optimize a tool. Optogenetics has been 
validated since 2005 but CLARITY is more recent and is still not 
easy to use.
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 What brought you back to Caltech? How has setting up 
your own lab been?
The lab started in October 2012. It was the environment and 
students that brought me back to Caltech – I missed the close-
ness of Caltech. It’s been very exciting setting up the lab. My 
doctoral and postdoctoral lab, the Deisseroth Lab, had a very 
dynamic interdisciplinary lab culture and I’m hoping to replicate 
that. I like having people with different backgrounds in the lab 
because they can approach problems in unique ways. Another 
reason I came back to Caltech was because of the collaborative 
culture here. For example, we are collaborating with the geobiol-
ogy Orphan Lab on an exploratory project to find tools in niche 
organisms, and another collaboration involves intact tissue map-
ping of organs other than the brain. 

What was your path to academia?
I was studying physics in Romania and transferred to Caltech. 
My interest in neuroscience sparked when I came here. I 
thought that it was a new field with lots of exciting opportuni-
ties. I actually did two SURFs here, which made me even more 
interested in research. My first SURF was in Erin Schuman’s lab, 
working on recording from epileptic patients in virtual water 
mazes. My second SURF, as I mentioned before, was with Paul 
Patterson. The goal of a SURF, I think, is not to deliver results 
but to be exposed to a field. I really liked working in the lab and 
decided to pursue a PhD because I asked myself, “How can I 
do this more?” Then, I found that I had more ideas than time to 
deliver on them experimentally, and realized that maybe I should 
have my own lab.

 How has Caltech changed?
The houses are locked now! I was a member of Fleming House 
and remembered that we could access the houses at any time. 
There are also more new buildings. Otherwise, not much has 
changed. People always ask, “Where are all the undergrads?” 
and that was true when I was studying here too. There is a 
calmness on campus that contrasts with the intensity and speed 
of research developments. 
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 Starting a new lab is a big responsibility. On top of that, 
you have two young children. How do you find balance?
I believe that each one actually makes me better at the other: 
the family gives me motivation to unwind and pause thinking, 
whereas the lab lets me put my energy towards solving inter-
esting questions. My way of handling the balance is to be fully 
immersed in whichever I’m doing at the time, rather than trying 
to do both simultaneously. 

 Caltech is also a place known for its skewed gender 
ratio. What are the pressures of being a female professor?
I never really thought about gender ratio. It wasn’t an issue 
for me because I had wonderful female advisors. At Caltech, 
Pamela Bjorkman, Marianne Bronner, and Erin Schuman were 
all wonderful examples for me. I would like us to get to a point 
where gender is not an issue.

 Finally, speaking from your experience, what advice do 
you have for current Caltech undergrads?
Being at Caltech is a wonderful opportunity that opens many 
doors. Find your passion, and then take one step at a time. 
Always be present in the moment. I did not make a master plan 
to have the job I have today: I came to Caltech, and just tried to 
do my best, every single day – long-term consistency is very im-
portant as boring as it might sound. If you do a SURF, do it fully 
and make the best out of it. You should have fun, but make sure 
that it is meaningful fun. Recognize that delayed gratification is 
important for success.
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TISSUE EXPANSION FOR 
ORGAN CONSTRUCTION AND 
TISSUE REGENERATION: 
A FOCUS ON DESIGN AND 
INSTRUMENTATION

Author: Lisa Eshun-Wilson
Hometown: Los Angeles, CA
College: Grinnell College
Major: Biochemistry with a concentration in Public Policy
Year: Class of 2014
Hobbies: Volunteering with kids; yoga; kickboxing
Mentors: Morteza Gharib and Hesham Azizgolshani 
(Medical Engineering, California Institute of Technology)
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A Growing Demand
The present need for transplant organs and soft tissue has ex-
ceeded the supply, and current research shows that this gap will 
continue to widen.  Due to this demonstrated need, the field of 
tissue engineering has evolved to meet the demand. Tissue engi-
neering, specifically, describes the interdisciplinary field involving 
the development of bioartificial implants and/or the art of tissue 
remodeling with the purpose of repairing or enhancing tissue or or-
gan function. Interestingly, cell transplantation has been proposed 
as a potential alternative treatment to whole organ transplantation 
for failing or malfunctioning organs. This alternative may require 
only a very small number of donor cells to prepare the required 
implant because isolated cell populations can be expanded using 
in vitro cell culture techniques. Currently, to create an autologous 
implant, donor tissue is harvested and dissociated into individual 
cells for structural manipulation. The dissociated cells are attached 
and cultured onto a proper substrate that is ultimately implanted 
at the desired site of the functioning tissue. To properly conform 
to surrounding tissue, the implanted cells may require a mate-
rial scaffold for structural support, which are based on synthetic 
extracellular matrices (ECMs), in the same way bridges require 
a strong foundation. However, there is a demand for tissue engi-
neering methods that do not require scaffolds to reduce potential 
surgical complications. 

Successful applications of tissue regeneration procedures require 
a thorough understanding of the environment experienced by cells 
in normal tissues and by cells in bioartificial contexts before and 
after implantation. Thus, a better understanding of the cellular 
and molecular processes unique to living organisms and how to 
manipulate them is vital for combating the growing need for organs 
and tissue regeneration. Further, one of the major challenges of 
current biomedical research is to demystify not only the spatial or-
ganization of these complex systems, but also their spatiotemporal 
relationships. Studying the spatiotemporal relationships of cells 
will help us better understand cell and ECM interactions and how 
to provide structural support for tissue regeneration independently 
of material scaffolds. Our circulatory system serves an excellent 
example to illustrate this need. Given the pulsatile nature of blood 
flow, blood vessels are subjected to time-varying biomechanical 
forces in the form of stretch, such as cyclic mechanical strain, pul-
satile pressure and shear stress. Luckily, the tunica adventitia, or 

the outer most layer of the blood vessel, is comprised of connective 
tissue and works to regenerate lost or damaged tissue. The con-
nective tissue responds to immediate biomechanical force signals 
through conserved response mechanisms, such as inflammation 
and tissue remodeling, which influence proliferation, cell migra-
tion, apoptosis, and cell and ECM interactions. 

Cells that undergo mechanical stretch, or simulated biological 
stretch, have been found to proliferate at a higher rate due to the 
same effects. Fibroblasts serve as strong candidates in this experi-
mental context because their biomechanotransduction pathways 
are highly stimulated by mechanical stretch. Fibroblasts are also 
major components of connective tissue and work to synthesize 
vital precursors of collagen and the extracellular matrix. In order to 
better understand the biomechanics at work here, past researchers 
have examined the effects of stretch and other forms of mechani-
cal stress in vitro by culturing them on thin flexible substrates, or 
cell-viable plates, which are then mechanically deformed. How-
ever, little research has been done to examine the biomechanics 
of fibroblasts in vitro using rigid substrates. 

The goal of this experiment was to examine the effect of mechanical 
stress on fibroblasts using time-lapse imaging to visualize cell pro-
liferation induced by mechanically manipulated, cell-coated, rigid 
substrates. Time-lapse microscopy is a powerful technique used 
to image the same subject at regular time intervals over a period 
of time. Using this technique, one can observe the spatiotemporal 
relationships of the cell type of interest. However, in order to ob-
serve cell growth in a viable microenvironment, an incubator must 
be built around the microscope to sustain the biophysical needs 
of the cells. This study aspires to suspend NIH/3T3 fibroblasts 
between two rigid substrates, to simulate mechanical stimuli, and 
to generate new sheets of soft tissue in vitro and independently of 
a material scaffold. We hypothesized that as the distance between 
the substrates is increased, at the published proliferation rate of the 
NIH/3T3 cell line, the fibroblasts would populate the gap between 
the substrates and form monolayer sheets of fibroblasts (Fig. 1). 
The findings of the study consisted of the complete construction 
and configuration of the instrumentation required for the in vitro 
tissue expansion experiment. 

“In the hopes of expanding soft tissue, the future steps of 
this study aim to utilize the newly configured instruments 
to generate sheets of fibroblasts that can be used in the 
place of material scaffolds for future tissue regeneration 
surgeries and organ generation experiments.”

Be
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The Research Process

In order to conduct an in vitro tissue expansion experiment, the 
instruments required for time-lapse imaging and to apply con-
trolled mechanical stimuli, including the microscope incubation 
chamber and the micromanipulator were constructed and config-
ured, respectively. First, the humidifier and incubation chamber 
evolved from the Kulesa and Kasemeier-Kulesa (2007) design to 
include laser-constructed acrylic hardware and allow for greater 
visualization techniques. Next, the heater system, composed of 
the single unit fan and the stainless steel finned heater, in addition 
to the stereomicroscope stage heater, brought the temperature in 
the chamber up to the optimal range at 36.5°C. The microprocessor 
based temperature controller was then wired to the heater and 100-
Ω RTD probe. To meet additional atmospheric conditions for the 
cells, a CO2 gas mixer was used to generate an approximate ratio 
of 5% CO2 to Air with a flow rate of approximately 1 Nl/min. The 
incubation chamber of 20” x 23” x 25” dimensions was found to hold 
188 liters took 3.13 hours to reach optimal atmospheric condition. 

An incubator viability experiment was conducted to test how 
well the chamber grew the NIH/3T3 cell line for the in vitro tissue 
expansion experiment. The experiment showed that the NIH/3T3 
cell line successfully grew within the atmospheric conditions of the 
incubation chamber when compared to the positive control, the 
Water Jacketed CO2 Incubator (Table 1). At 12 hours, fibroblasts 
became 30-40% confluent within the incubation chamber and 50% 
confluent in the positive control (Table 1). At 24 hours, the previous 
adherent cell confluence rate was maintained, as expected for a 
dilution factor of 1:7 (Table 1). There were no signs of sustainable 
growth in the negative control, as expected (Table 1). To further 
explore the effect of mechanical strain on the fibroblasts, rigid 
substrates were chosen for the experiment. To test which substrate 
material would work effectively as an additional experiment, cells 
were grown on glass microscope slides with a dilution factor of 1:7 
and monitored for 4 days. On day 4, there was successful growth 
of fibroblasts on the substrate. Further, the MT3-Z8 12 mm (0.47”) 
motorized translational stages were configured using the Thorlabs 
APT software user interface in order to induce regulated levels of 
mechanical strain to the cells.
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Figure 1. Schematic view of the incubation chamber around 
stereomicroscope. (A) Front view of SolidWorks model of mi-
croscope incubation chamber.  (B) Back view of SolidWorks 
model of microscope incubation chamber.  (C) Photograph of 
the physically constructed incubation chamber. All interact-
ing components are labeled in white.  

Figure 5.  Screenshot of the Solidworks model of the microma-
nipulator, with its constructed arms and the bioreactor dem-
onstrating how the mechanical stimuli would be applied. Both 
are placed on a simulated version of the microscope stage (in 
grey) to ensure that they will align with the dimensions of the 
incubation chamber.

B.

C.

A.

Be
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What Does This Mean for the Future of
Tissue Engineering?
 
The preliminary results of the incubator viability experiment 
showed that NIH/3T3 cells were able to successfully proliferate 
under the administered atmospheric conditions. The initial in-
cubator design was very similar to that of Kulesa and Kasemeier-
Kulesa (2007), but the final design included different materials 
and prioritized different operational methods. The final design 
featured access ports, sliding doors, gas ports, an imaging port, 
and silicone gaskets that enhanced user experience, maintained 
the required environmental conditions, and accommodated the 
moving parts of the stereomicroscope. The combined effect of the 
newly constructed heater and the microscope stage heater led 
the temperature to stabilize at 36.5°C and the humidity to reach 
42%. The humidity was reasonably low in comparison to the CO2 
Water Jacketed Incubator at approximately 63% and this may have 
inhibited the cells from reaching their optimal growth rate and cell 
size. Additionally, cells grown under the conditions of the positive 
control were more analogous to the anticipated spindle-like shape 
for fibroblasts, while cells grown in the incubation chamber did 
not branch out as drastically. 

Current findings assert that cultured fibroblasts possess a charac-
teristic polarized phenotype manifested by an elongate cell body 
with an anterior lamella whose cell edge is divided into protrusion-
forming and inactive zones, which can impact cell-cell interactions 
(Gelfand 2002). So it is imperative that the humidity is raised to 
produce cells with the optimal cell shape for effective cell signaling 
activity in the in vitro tissue expansion experiment. Specifically, 
NIH/3T3 cells are significantly sensitive to contact inhibition. This 
characteristic may affect the fibroblast proliferation rate and their 
ability to form sheets (Holly and Kiernan 1968). Increasing the 
internal humidity levels will facilitate optimal cell shape and there-
fore better cell-cell intracellular signaling. Our study highlights 
a primary challenge in the field of tissue engineering for tissue 
expansion in vitro experiments: replicating a viable microenviron-
ment for the cells. In the hopes of expanding soft tissue, the future 
steps of this study aim to utilize the newly configured instruments 
to generate sheets of fibroblasts that can be used in the place of 
material scaffolds for future tissue regeneration surgeries and or-
gan generation experiments. Societal implications include reduc-
ing surgical invasiveness in current tissue regeneration methods 
and providing a stepping-stone for successful organ construction. 

Future Directions 

As a future experiment, the humidifier can be optimized to achieve 
a higher humidity percentage. Currently, a 250 mL Erlenmeyer 
flask is being used as the water reservoir for the humidifier. This 
size could be increased to improve gas flow from the CO2 glass 
bubbler to the incubation chamber. In addition to optimizing the 
humidifier, the CO2 levels may require a microprocessor based 
CO2 sensor to be verified. Currently, the gas mixer is calibrated 
to maintain a 5% ratio of CO2 to air; however, future steps can 
include acquiring a CO2 sensor to confirm the ratio because gas 
leakage may occur and affect CO2 levels. This study also showed 
that the NIH/3T3 cell line could effectively grow on rigid substrates. 
Preliminary results from the glass substrate experiment demon-
strate that cells can grow on plain, non-treated glass microscope 
slides in 100 mm petri dishes. Therefore, the glass microscope 
slides may serve as the rigid substrates in the in vitro tissue 
expansion experiment.

Further, future investigations can explore how treated glass sub-
strates compare to non-treated substrates and also how different 
materials affect cell proliferation; for example, polystyrene versus 
glass microscope slides.  Another key experiment that can opti-
mize the conditions for the in vitro tissue expansion experiment 
include growing cells on two separate substrates and examining 
how the cells transfer from one platform to the next. The Gharib 
Research Group has successfully conducted this experiment be-
fore, but future steps include experimenting with new materials for 
optimal transfer. This will help determine whether both substrates 
will need to be cell-coated, as the two substrates are incrementally 
pulled apart by the micromanipulator.

 As a result this study’s findings, the software installation process 
and initial configuration for the micromanipulator was completed 
by our research team. Additionally, the arms that the microma-
nipulator will use to apply controlled levels of mechanical strain 
to generate sheets of fibroblasts at the rate of the published value 
of the NIH3T3 cell proliferation rate have been constructed and 
are ready for manually assembly. The bioreactor design has been 
finalized and is also ready to be manufactured and assembled 
inside the incubation chamber. Future research to improve the 
design of the bioreactor can work to ensure that the arms of the 
micromanipulator can efficiently access the substrates suspended 

0402_JANE and AD_final.indd   13 6/2/14   2:13 PM



www.curj.caltech.edu 14

“The preliminary results of the incubator viability experiment 

showed that NIH/3T3 cells were able to successfully proliferate 

under the administered atmospheric conditions.”

within the growth media of the bioreactor on the stage of the 
stereomicroscope. Upon the final assembly, the micromanipulator 
sequence can be edited to dictate the levels of mechanical strain 
and the length of the fibroblast sheet. Key characteristics of the 
fibroblasts can be more closely examined, including collagen syn-
thesis, extracellular matrix synthesis, and/or migratory behaviors, 
based on which variables are deemed appropriate. We hope that 
these further analyses will take us one step closer to successfully 
generating sheets of soft tissue for effective manipulation and 
thus meet the demand to reduce the use of material scaffolds in 
order to diminish the risks and surgical complications associated 
with their use today. 

Table 1. Results of the Incubator Viability Test. 3 T-25 
flasks were prepared with the NIH/3T3 cell line and grown 
at the positive control site, negative control site, and 
the experimental site. The incubation chamber performance 
was compared to that of the Water Jacketed CO2 Incubator. 
Pictures were taken using the IPX-VGA210-G IMPERX camera 
and obtained for analysis using the LYNX GigE software. 
Cells were observed at 3 time points (0 hours, 12, hours, 
and 24 hours). 

Figure 2. Results of the substrate adherence test. 
Cells were grown on clear microscope slides in 100 
mm petri dishes in 1X Dulbecco’s Modified Eagle’s 
Medium/10% Fetal Bovine Serum/1% Streptomycin-Pen-
icillin with a dilution factor of 1:7. Picture was 
taken 96 hours following incubation time with the 
IPX-VGA210-G IMPERX camera and obtained for analy-
sis using the LYNX GigE software.

Be
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Spin Alignment Effects in Black Hole Binaries
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Black holes (BH) are regions of space-time with gravity so intense it prevents everything, even light, from 

escaping. Surprisingly, BHs are very simple objects, characterized by only two parameters: their mass M and 

their angular momentum, or spin, ͗. Observations suggest that BHs exist only in two well separated mass 

ranges: smaller stellar-mass black holes with M ~ 10M and supermassive black holes with M ~ 106 − 1010 

M . Stellar-mass BHs result from the gravitational collapse of the most massive stars when they explode 

as Supernovae. On the other hand, super-massive BHs are hosted by galaxies in central bulges that grow 

due to accretion and repeated merging events. In both mass ranges, BHs can form binary systems. If the 

separation between the two BHs is small enough, the evolution of the binary is ruled by gravitational-wave 

(GW) emission that carries energy away from the system, leading to a merging event. At wider separation, 

the evolution is dominated by interactions with the astrophysical environment, such as accretions disks in 

the supermassive case and nearby stars for stellar-mass binaries. This phase can alter the BH parameters: 

mass, spin magnitude and spin orientation. Spin-alignment in stellar-mass BH binaries will be the main topic 

of this paper.

Stellar-mass BHs are extremely important in astronomy, because they are thought to the be one of the 

evolutionary endpoints for massive stars, and the collapse of their progenitor stars enriches the Universe 

with heavy elements. Since neutron stars cannot be more massive than about 3M, mass measurements 

of compact objects above this limit are indirect observations of BHs. Today ~ 50 systems are known to host a 

compact object too massive to be a neutron star. However, this is just a small sample of a total number of ~ 108 to 

109 stellar-mass BHs that are believed to exist in the Milky Way.

0402_JANE and AD_final.indd   17 6/2/14   2:13 PM

efouad


efouad


efouad


efouad


efouad




Ap www.curj.caltech.edu 18

Our main motivation for studying spin alignment of stellar-mass black-hole binaries is the imminent birth of 

GW astronomy, which can potentially directly detect BH presence. GWs are ripples of curvature in the space-

time produced by the motion of massive bodies. Unlike X- rays, which emit from the material accreting onto the 

BH, not the BH itself, GW signals are directly emitted from BHs. This is therefore an unambiguous method to 

determine the nature of a BH. The direct detection of GWs is experimentally challenging, and has yet to come, 

but with the ongoing installation and commissioning of the Advanced LIGO and Advanced Virgo detectors, 

direct discovery of GWs may happen in the next few years. Gravitational-wave signals need to be extracted 

from noisy data using matched filtering, which consists of computing the cross-correlation between the output 

coming from the detector and a predicted theoretical waveform, or template. Detection rates increase by a factor 

~ 30 to ~ 100 if matched filtering is used, but a detailed knowledge of the incoming waveform is required. It is 

therefore critical to model the dynamics of possible GW sources.

The life of a compact binary as GW source can be divided into three main stages, each of them producing a different GW 

signal: inspiral, merger and ringdown. During the inspiral phase the orbit of the binary decreases due to the emission of 

gravitational radiation that carries energy away from the system. The separation can decrease until the BHs merge with 

each other into a more massive BH. The merger remnant is a highly distorted BH that approaches its final equilibrium 

configuration by emitting gravitational waves of characteristic frequency and damping time: this is known as the 

ringdown phase.

Since sources become detectable during the inspiral phase, it is critical to predict the binary dynamics (including 

the spin orientations) with accurate precision in this phase. The inspiral phase of a compact binary is studied 

using three different approaches. At high separation, the stars come together due to interactions between them 

and with the astrophysical environment. At smaller separation, the dynamics of the binary decouple from the 

environment and the inspiral is described by General Relativity with space-time curved by the presence of the 

BHs. Between these two regimes, where the evolution is dominated by GW emission but the general relativistic 

effects are weak, the evolution can be studied using the Post-Newtonian approximation, i.e. expanding the 

Einstein equations of General Relativity in a series of v/c (where v is the orbital velocity and c is the speed of 

light) and considering just the leading-order terms.

During the post-Newtonian inspiral, BH binaries can pass through coplanar equilibrium solutions of the post- 

Newtonian equations and remain locked in these resonant configurations. The presence of such resonances is 

a natural physical mechanism to cluster samples of binaries with well defined spin orientations: both the spins 

and the orbital angular momentum tend to lie in the same plane just before merger. The effect of resonances 

strongly depends on the initial conditions of the post-Newtonian inspiral, i.e. on the formation history of the 

binary. Ultimately, our goal is to understand if the existence of post-Newtonian resonances can simplify the 

construction of matched-filtering templates in binary BH data analysis.

Our main motivation for studying spin alignment 
of stellar-mass black-hole binaries is the imminent 
birth of GW astronomy, which can potentially directly 
detect BH presence.
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Spin Orbit Resonances

We performed post-Newtonian simulations of statistical samples of binaries starting from a separation R 

= 1000M to R = 10M (hereafter we use geometrical units G = c = 1). The equations of motion depend on 

ten variables: the spins S1 and S2, the direction of the orbital angular momentum L and the orbital velocity 

parameter v. There are also 3 constraints (at the post-Newtonian order we consider): the spin magnitudes 

are constant and L is a unit vector, so there are seven degrees of freedom. As reported in Fig. 1, we choose 

a system of reference with the z-axis oriented along L, and we define ͈1 and ͈2 to be angles between the two 

spins and orbital angular momentum (cos ͈i = Si · L), and we denote ∆̶ as the angle between the projections 

of the spins on the orbital plane. The masses of the two BHs m1 and m2 are often combined using M = m1 + 

m2 (total mass) and q = m2/m1 (mass ratio), and the spins are typically indicated using 0 < ͗i = Si/m i
2<1. The 

full set of equations used in this project is reported in our further study where citations are also given for 

each of the various terms implemented. The post-Newtonian equations for the spin evolution are typical 

precession equations. The angular momentum is conserved on the precessional timescale, and the energy of 

the system decreases over the (longer) radiation reaction timescale due to GW emission.

Resonant configurations are families of equilibrium solutions in which the two BH spins and the orbital 

angular momentum are coplanar, precessing jointly about the total angular momentum. For a fixed 

value of the orbital angular momentum, i.e. at a particular point in time during the inspiral, the resonant 

configurations can be found by forcing the three vector S1, S2 and L to lie in a plane (∆̶ = 0, π) and solving 

for those value of ͈1 and ͈2 which satisfy the post-Newtonian equation of motion. Solutions for the ∆̶ = 0 

Ultimately, our goal is to understand if the existence 
of post-Newtonian resonances can simplify the 
construction of matched-Últering templates in binary 
BH data analysis."
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FIG. 1. Reference system adopted to describe the post-

Newtonian inspiral. The three independent variables in 

the post-Newtonian evolution are the angles between 

the spins and the orbital angular momentum ͈
1
 and ͈

2
, 

and the angle between the projection of the spins on the 

orbital plane 6̶. 7e also deÚne ͈
12

 to be the angle between 

the two spins.

configuration can be found if ͈1 < ͈2, while the ∆̶ = π resonance affects just those binaries with ͈1 > ͈2. As the 

separation decreases due to the emission of GWs, the resonant values of ͈1 and ͈2 change, spanning a big 

region in the (͈1, ͈2 ) parameter space: in particular, the solutions evolve toward configurations with ͈1 = ͈2. 

If the binary crosses one of these resonant configurations during the inspiral phase, the system can remain 

locked into it. Once the system is locked there is no free precession anymore, but the evolution continues 

oscillating around a resonant configuration.

To show these resonant effects we ran a Monte-Carlo simulation evolving a sample of 1000 BH binaries with 

q = 9/11 and ͗1 = ͗2 = 1 from R = 1000M to R = 10M, when non-linear effects become stronger and the post-

Newtonian approximation fails. As initial conditions, we chose a uniform distribution of cos ͈1, cos ͈2, and ∆̶. 

In Fig. 2, we show different snapshots of the evolution: to stress the role of the two different resonances, 

the binaries are colored with respect to their initial value of ͈1 and ͈2. In the top-left panel of Fig. 2 we show 

the evolution in the (cos ͈1, cos ͈2) plane: the binaries evolve along lines over which the projection S0 · L is 

approximately constant, where S0 is defined to be: 6�� ����T�6�������T6��ۮ�� 

The locking into resonance is evident in the top-right panel of Fig. 2, where the evolution is shown in the (∆̶, 

cos ͈12) plane, with cos ͈12 = S1 · S2. The presence of such resonant configurations causes a clear segregation 

of the sample. If the more massive black hole is more aligned with the orbital angular momentum than the 

less massive one (͈1 < ͈2, red points) the evolution is strongly influenced by the ∆̶ = 0 resonance and it will 

generally align the two spins with each other (cos ͈12 1 ۦ); if instead the less massive BH is initially more 

aligned (͈1 > ͈2, blue points), then the ∆̶ = π resonance forces the spins of the locked binaries to be anti-

aligned with each other (cos ͈12 1− ۦ). These results are still valid but less evident for isotropic samples with 

lower values of q and ͗i. In the bottom panels of Fig. 2 we show the evolution of an isotropic sample of BH 

binaries with q = 1/3 and ͗1  = ͗2  = 1.
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FIG. 2. Distribution of (cos ͈1, cos ͈2), left panels, and of ∆̶, cos ͈12), right panels for an isotropic sample 

of maximally spinning BH binaries with q = 9/11, top panels and q = 1/3, bottom panels. In each panel 

the evolution is plotted for different separations: from right to left and from top to bottom, at R = 

1000M (initial conditions), R = 1000M (slightly after the beginning of the post-Newtonian evolution), R 

= 750M, R = 500M, R = 250M, R = 100M, R = 50M, R = 20M, R = 10M.= Red points start with cos  ͈1 > cos 

͈2, blue points start with cos ͈1 < cos ͈2; the black dotted line is the expected correlation between cos 

͈12 and ∆̶. The region of influence of each resonance is stressed: red binaries tend to cluster about ∆̶�

= 0° while blue binaries are attracted by ∆̶ = 180°.
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5.

We presented a set of phenomenological models 
exploring the different possibilities predicted by BH-
binary formation models. The simulations presented 
here show a critical dependence on the spin-orbit 
resonant locking on the statistical (a)symmetry of the 
initial conditions.

The key element to predict the spin orientation is a proper initialization of the direction of the spins that 

results from previous interaction with the astrophysical environment (at R > 1000M). Each binary star 

has to undergo two supernova events to become a BH binary: each explosion imparts a kick to the newly 

formed BH. Before the explosions, the spin axes of both stars in the binary are parallel to the orbital angular 

momentum. The inclination between the BH spins and the orbital plane is natal in nature, i.e. it comes from 

the asymmetry of the supernova explosion itself. The kick coming from the explosion changes both direction 

and magnitude of the velocity of the newly formed BH around the companion, modifying the direction of the 

orbital plane but leaving the spins parallel to each other. If the binary remains bound, the system will be in a 

configuration with both spins misaligned by the same angle with respect to the orbital angular momentum 

(͈1 ~ ͈2). Another possibility is that between the two explosions, when the system contains a star and a 

BH, the spin of the BH can be realigned by mass transfer and tidal interaction from the companion. If this 

alignment happens, after the second explosion the system would be in a configuration with one spin nearly 

aligned with the orbital angular momentum, and the other misaligned as in the previous case. The post-

Newtonian resonant configurations were not studied under these initial conditions, and they can deeply 

modify the spin orientations before the merger.

Astrophysically-motivated Initial Condition
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We developed three phenomenological models, in which (i) both BH are misaligned, (ii) only the primary or 

(iii) the secondary is misaligned. We keep the mass ratio and the spin magnitudes fixed to q = 9/11 and ͗1 = 

͗2 = 1. We also keep the main misalignment fixed to 10° with a dispersion of 3°. These numbers are in- spired 

by previous population-synthesis studies and they should be taken as illustrative of the qualitative effects of 

resonances in these formation scenarios. We always choose ∆̶ uniformly in [−π, π] because ∆̶ is the initial 

phase of the precession. Our configurations are:

Fig. 3 shows snapshots of the post-Newtonian evolution with the same conventions of the previous figures 

for each different run. In the (10-10) run, there is no efficient locking in the post-Newtonian resonances. 

Even at very late times (R ~ 10M), binaries remain scattered through all the available range in ∆̶. The 

number of binaries that precess freely is always bigger than the number of binaries locked in a resonant 

configuration. The resonances still exist, and remain solutions of the post-Newtonian equations, but their 

effect is statistically insignificant. On the other hand, the locking is extremely efficient in both the (10-0) 

and the (0-10) runs: almost all binaries are locked around ∆̶ = 0 or ∆̶ = π. The samples are almost perfectly 

segregated by the post-Newtonian evolutions.

The resonant locking is evident only if the initial angles ͈1 and ͈2 are different from each other. Our results 

show that the relative spin alignment at the beginning of the simulation is crucial to determine whether 

binaries will lock into resonance. Mass transfer events, tidal interactions and the subsequent alignment of 

the first-born BH are crucial to predict the spin parameters at the end of the inspiral, just before the merger.

In this work we presented a set of phenomenological models exploring the different possibilities predicted 

by BH-binary formation models. The simulations presented here show a critical dependence on the spin-

orbit resonant locking on the statistical (a)symmetry of the initial conditions. We further improved our 

astrophysical assumption in a dedicated paper, to which we refer for interested readers.

(10-10): both spins are misaligned by the same angle with respect to the orbital angular momentum: ͈1 and 

͈2 are uniformly drawn in cosine in the range  [10° − 3°, 10° + 3°];

(10-0): secondary BH realigned by mass transfer events: ͈1 is uniformly drawn in cosine in the range 

[10°−3°,10°+3°]and ͈2 in[0°,3°];

(0-10): primary BH realigned by mass transfer events: ͈1 is uniformly drawn in cosine in the range 

[0°,3°]and ͈2 in[10°−3°,10°+3°].
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FIG. 3. Distribution of (cos ͈1, cos ͈2), left panels, and of (∆̶, cos ͈12), right panels for our three astrophysically 

motivated samples of maximally spinning BH binaries with q = 9/11: (10-10), (10-0) and (0-10). In each panel 

the evolution is plotted for different separations: from right to left and from top to bottom, at R = 1000M (initial 

conditions), R = 1000M (slightly after the beginning of the post-Newtonian evolution), R = 750M, R = 500M, R 

= 250M, R = 100M, R = 50M, R = 20M, R = 10M. Red points start with cos ͈1 > cos ͈2, blue points start with cos 

͈1 < cos ͈2; the black dotted line is the expected correlation between cos ͈12 and ∆̶. For both the (10-0) and 

the (0-10) run, the width of the ∆̶ distribution clearly decreases during the inspiral, because of the strong resonant 

locking. The effect is absent in the (10-10) run where binaries freely precess even down to R = 10M.

Ap
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Introduction

A Starshade Occulter is an optical structure
approximately 30 meters in diameter. When 
deployed in an orbit around the Earth, it suppresses 
light from a target star by casting a shadow onto 
the image plane of a space telescope. A Starshade 
uses diffraction, scattering, and negative interfer-
ence between waves to negate nearly all on-axis 
light in a telescope’s image. This gives the image a 
very high contrast and allows for the observation of 
exoplanets orbiting a target star.

Under the Technology Development for 
Exoplanet Missions initiative created by NASA, our 
group assembled and tested the components of four 
Starshade Occulter petals. The process followed a 
set of steps including component alignment, 

bonding, optical testing, structure assembly, 
material testing, and deployment testing.

In future missions, Starshades will allow 
for the direct observation of reflected light from 
Earth-like exoplanets. This will provide a powerful 
tool for the detection of exoplanets, as well as the 
capability to analyze the spectra of their reflected 
light. This spectral information is closely tied to the 
atmospheric properties of an observed planet, 
allowing us to search for the key components 
necessary for life.

As
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II. Optical Design Considerations 

The occulter works by casting a shadow onto the 
image plane of a space telescope in a very precise 
area, on-axis between the telescope, occulter, and 
star (see Fig. 1). We can predict the diffraction 
pattern caused by a plane wave originating at our 
target star interacting with our occulter using 
Babinet’s principle. This principle tells us that the 
diffraction pattern of an opaque occulter of a 
particular shape will have an inverted diffraction 
pattern from that of an aperture of the same shape. 
If ray tracing and geometric optics explained the 
interaction between light and our structure fully, 
we would require only a disk of a particular size at 
a set distance to cast our shadow. However, the 
plane-wave interaction causes wave front propaga-
tion of infinitely many points on the optical edge, 
which scatters light into our image and creates 
bright spots in the shadow we hoped to create.

To resolve this issue, we approximate a 
smoothly apodized and infinitely extending 
transmissive gradient disk (which would provide 

perfect shading in our image) with a binary petal 
system. Each petal has a profile determined by 
optical requirements to apodize the output 
function of the light-occulter interaction. The 
approximation improves as the number of petals in 
the Starshade increases, creating a better shadow. 
One such petal profile used in a Starshade Occulter 
is shown in Fig. 2. The apodization considerations, 
as well as a precisely shaped edge that controls the 
scattering off the petal boundary, allow light from a 
star to be suppressed while permitting light from 
objects around the star to enter the image plane.

Starshade Operation Diagram. A Starshade works in conjunction 

with a space telescope to image the light from a planet orbiting a 

distant star. The light from any object beyond the inner working 

angle reaches the telescope, but the light from everything within 

the IWA (notably the target star) is negated by the Starshade.

Profile of a 20-Petal Starshade. Diagram sourced from paper au-

thored by Eric Cady, “Designing asymmetric and branched petals 

for planet-finding occulters.” Credit to Jet Propulsion Laboratory.

Figure 1

Figure 2
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III. Petal Structure

The mechanical structure supporting the optical-
edge used for precise starlight suppression is 
shown in Fig. 3, with battens, longerons, spines, 
hinges, ribs, and tip foil displayed. The petal 
components were machined from three main 
materials: a carbon-composite extrusion, high 
density foam, and aluminum sheet. The battens 
and longerons, made from carbon extrusion, make 
up the interacting components of the truss 
structure within the outside edge of each petal. 
The battens contain specific slots cut into the 
square extrusion that allow the longerons to thread 
through them. 

High density foam was used to form the 
thick center-spine and base-spine of each petal, 
with aluminum making up the face-sheets. The 
longerons are threaded through battens placed 
perpendicularly to the central-spine and are 
embedded into the spine itself. The interaction 
between the spine, battens, and longerons gives 
the petal structure resistance to shear forces, as 

well as a spring-like restoring force that is used 
during deployment to unfurl the petal.

The petal edge shown in Fig. 4, composed 
of a precisely shaped carbon optical edge attached 
to the aluminum structural edge, is bonded into 
slots cut in the side of the battens. The specific 
lengths of the battens define the petal profile. The 
structural edges serve to keep the battens in plane, 
provide rigidity to the structure, and support the 
optical edges that precisely follow the petal profile.

The final large components of the petals 
are the aluminum ribs, which provide rigidity to 
the structure out of plane. The ribs are connected 
to the main longeron through a series of rotating 
hinges, and to each adjacent longeron with springs 
contained inside pop-up tubes. As the petal unfurls 
from stow position around the central hub during 
deployment, these springs pop the ribs into place 
by rotating them from a parallel to a perpendicular 
orientation with respect to the petal face.

Close-up of an aluminum Starshade structural edge bearing a 

carbon Starshade optical edge. The edge resting on the piece of 

80/20 aluminum extrusion is shaped precisely to follow a particu-

lar petal curve, allowing for successful apodization of target star-

light. The carbon optical edge is also precisely shaped to control 

the diffraction of light off its boundary.

Figure 3

Figure 4

Physical layout of Starshade Petal structure. Diagram sourced from 

recent Occulter Milestone final report, “Advancing Technology For 

Starlight Suppression Via External Occulter.” Credit to Jet 

Propulsion Laboratory.

As
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“ The apodization considerations, as well as a precisely 
shaped edge that controls the scattering off the petal 
boundary, allow light from a star to be suppressed 
while permitting light from objects around the star to 
enter the image plane.”

Deployed petals on Starshade truss. The figure shows the central 

hub, truss, and petals, as well as the outriggers that fix the petal in 

place after deployment. Image taken during deployment testing at 

Northrop Grumman in Santa Barbara, California, 2013.

Figure 5
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constrained to their lines through the battens, they 
were epoxied in place. The assembled product is 
shown in Fig. 5.

The other specific alignment requirement 
is the optical edge. Previously, this placement had 
been done by referencing positions from specific 
guide points along the structure using a FARO arm 
measuring system. Since our tests were on the 
structural and mechanical properties of the 
Starshade, our petals did not carry an optical edge.  
However, they would require alignment of their 
optical edges aligned using a FARO arm or similar 
system. 

IV. Alignment and Assembly Processes

The assembly of the structure required high 
precision in a few instances, calling for precise 
alignment techniques. The most sensitive compo-
nent to misalignment was the main longeron. As 
the pivot for the rib’s piano hinge, it needed to be 
precisely placed in the corresponding batten slots 
to make the pivot axis straight enough for smooth 
deployment. This alignment was performed using 
a jig transit tool. The jig transit projected our line 
along the slots, which we measured and adjusted 
using the optics of the tool. Once a straight line 
through all slots was identified, we placed stops 
precisely along the length of the line to reference 
the longeron position. After the longerons were 

As
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V. Deployment

The stowing and deployment mechanism is 
needed to reduce the size of the launch package 
for a mission. Once deployed at the correct 
position relative to the mission telescope and the 
points of observation, the Starshade acts as a 
passive structure and does not stow or deploy its 
petals again. When the Starshade is stowed, the 
petals curl not only around the central hub, but 
around each other. This greatly decreases the 
diameter of the structure and allows everything to 
fit inside one rocket fairing for launch.

Fig. 6 outlines the deployment sequence. 
The petal structure is stowed by curling around a 
cylindrical hub parallel to the face of the petal. 

Once released from this position, the restoring 
force in the curled spine and longerons begins to 
unfurl the petal. Shortly afterwards, springs pull 
the ribs into a perpendicular orientation with 
respect to the petal face. Next, the truss to which 
the petals are attached begins to expand, rotating 
the petals about their central spines and eventually 
locking them in an open-face position. Fig. 7 
shows the shape of the Starshade after the truss 
has expanded and rotated the petals into place. 

“Over a mission time span of two years, tens 
to hundreds of exoplanets could be discovered, 
and the first Earth-like planet capable of 
harboring life may be identified.”

Starshade Deployment Sequence. The figure shows several key 

moments in the deployment, alignment, and use of a Starshade 

with a telescope. Panels 1 through 4 show the deployment of 

the Starshade from the stowed configuration to the operational 

configuration – the main focus of this research. Panels 5 through 

7 show a conceptual representation of how the Starshade would 

operate.

Figure 6

0402_JANE and AD_final.indd   33 6/2/14   2:13 PM



As www.curj.caltech.edu 34

VI. What’s Next?

The future application of this technology is a 
mission involving either an existing space tele-
scope, or a purpose-built telescope named THEIA 
(Telescope for Habitable Exoplanets and 
Interstellar/Intergalactic Astronomy). The mission 
would require aligning a telescope with a 
Starshade at a distance of approximately 50,000 
kilometers, and aligning both the telescope and 
the Starshade with a target star to be observed. 
Over a mission time span of two years, tens to 
hundreds of exoplanets could be discovered, and 
the first Earth-like planet capable of harboring life 
may be identified.
Before such a mission can be approved and 

conducted, many technology and concept demon-
strations must be completed. Our group’s contribu-
tion to the second technology demonstration of 
Starshades will be followed by the third demon-
stration, which will consist of a full-scale test 
model developed on Earth.
Occulters have emerged as a promising technology 
for exoplanet research over the next several years, 
and expectations are high for the discoveries yet to 
come.

Figure 7

Diagram showing the deployed shape of a Starshade with 24 

petals. Diagram sourced from recent Occulter Milestone final 

report, “Advancing Technology For Starlight Suppression Via 

External Occulter.” Credit to Jet Propulsion Laboratory. 
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Abstract

This research develops force contact models to be 
implemented and used in real-time dynamic 
simulations. There currently exists a need for full 
body contact modeling and soft tire on solid ground 
interaction. The Collision Forces model enables 
rigid bodies to interact with external objects by 
creating collision constraints between intersecting 
bodies and by using a penalty method that involves 
applying a spring-damper force based on the 
penetration distance. The Tyre Collision model 
simulates vehicle applied forces using the Pacejka 
Magic Formula, creating soft tire on solid ground 
interactions, which is favorable for High-Mobility 
Multipurpose Wheeled Vehicle (HMMWV). The 
Tyre Collision applies longitudinal and lateral forces 
based on the vertical load, camber angle, and slip 
angle while avoiding divergence at low velocities. 
The contact models are applied to a bipedal robot 
and rover vehicles assembly for testing. Various 
regression tests are performed and a GUI was used 
to ensure that the simulations respond naturally 
and results are compared to known methods.
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I. Introduction 

Previous contact models for tires in simulations 
developed in the Dynamic and Real-Time 
Simulations Lab (DARTS) have always been 
approximations that no longer suffice when it 
comes to large collisions or soft terrain. In the past 
simulations, contact pads were placed on the ends 
of bodies to apply point forces onto systems. This 
method of force application is used when the 
surface that the force acts on is small, or when 
rigid body motions need to be simplified. In 
contrast, full-body contact models allow forces to 
be distributed across an area by creating nodes 
where contact is made; they can be described by 
solving the dynamics for the set of nodes. The 
dynamics can be better represented for collisions 
or large contact area surfaces that have forces 
distributed across the body through application of 

a full-body contact model to a rigid body. In 
another area of contact models, tires have regularly 
been modeled as rigid bodies that do not deform. 
The previous models can be used to properly 
represent hard-tires on hard ground; however, as 
the tire and ground become softer, the tire behaves 
more like a deformable body. As a result, rigid body 
dynamics are not accurate when used to describe 
deformable bodies. There is currently a need to 
model tires in sand-like terrain, so a soft-tire model 
is desired. The Pacejka Magic Formula (MF) is a 
semi-empirical method for deformable tires that 
uses coefficients for various tire models that will 
return the horizontal force for a deformed tire.
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II. Behind the Scenes

The DARTS lab develops several multi-mission 
space system simulation tools for closed-loop 
development and testing of algorithms and 
software. The software developed has been applied 
to entry, descent and landing, flight and ground-
vehicle simulations. Research is also conducted on 
multi-body dynamics, to be developed and 
implemented into existing contact models.

Contact models are used to calculate 
forces for simulations using dynamic equations 
appropriate for a system. These forces are then 
used to calculate the acceleration of the bodies 
using Newton’s Second Law. Through integrating 
the accelerations and applying boundary condi-
tions based on the initial orientation, the velocity 
and displacement are determined and the dynam-
ics for the system are applied.

The integration is performed using the Runge-
Kutta (RK4) method. RK4 is an iterative method for 
computationally approximating integrals. The 
approximation is calculated by adding the initial 
value to a weighted average of the slope of four 
subsequent steps multiplied by the step size. The 
RK4 method is a fourth order method, producing 
total accumulated error of order four. The integra-
tor within the models uses CVODE, a 3rd-party 
software that permits adaptive integration to take 
steps based on errors from an initial step size. 
Smaller step sizes will be used on steep functions 
in which more time is required to obtain results; 
larger step sizes can be used for smoother func-
tions without losing precision. 

“ The TCM was successfully implemented into the 
rover and HMMWV simulations, where they each 
were capable of settling, accelerating, stopping and 
turning on flat terrain.” 
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locked to simplify the simulation so that the robot 
was a single rigid body. Various simulations were 
conducted in which the Atlas freefell in a standing 
position and collided with the ground. Static 
simulations where the Atlas lay or stood in various 
orientations were also conducted. The terrain 
stiffness, frictional, and damping coefficients were 
tuned to properly simulate a ground terrain and 
make collisions more realistic. To simplify debug-
ging the simulation, a GUI was used to show 
normal vectors to collisions and the force vectors 
associated with them.

 
III.1 Collision Forces Model

The Collision Force Model (CFM) is developed to 
apply full-body contact forces in collisions or large 
surface area contacts. When contact is detected in 
the DARTS Shell, the model creates a constraint 
node pair between the two bodies where one node 
lies on the first body and the other node is on the 
second body. The penetration displacement is then 
retrieved from the DARTS shell and input into a 
penalty method algorithm that returns the force to 
apply to the node based on a spring-damper 
system.

The CFM was applied to a bi-pedal robot 
simulation that represented an Atlas for testing. 
The actuator joints on the robot were initially 

III. A TALE OF TWO MODELS

“ The CFM behaved as expected by generating 
the nodes and yielding collision forces for a solid 
rigid body when the actuators were prescribed 
and limited testing was done on the Atlas as a 
multibody system.” 
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As seen in Figure 1, the velocity of node p is 
determined by retrieving the linear and angular 
velocity of the contact node on the tire with 
respect to the inertial frame and calculating the 
absolute linear velocity of the contact node. The 
normal velocity is derived by projecting the node 
velocity onto the normal vector:

The slip coefficient k is used for calculating the 
longitudinal force and it is a ratio of the slip 
velocity and absolute value of the hub velocity. As 
seen in figure 2, the slip velocity, VSX, is the 
difference between the hub velocity and the 
velocity of the contact point, Vp.

III.2 Tyre Collision Model

The Tyre Collision Model (TCM) is based off of 
Pacejka’s Magic Formula (MF) to compute the 
forces acting horizontally on a soft-tire. Various 
tires are characterized by coefficients for each 
important force that it can produce at a contact 
patch. These coefficients are then used to generate 
equations that show how much force is generated 
for a given normal force. The MF has a general 
form:

FZ is the normal force applied by the tire; k is the 
slip coefficient; and D, C, B and E are constants 
based off of empirical results (respectively peak 
value, shape factor, stiffness factor and curvature 
factor). The normal force is calculated using a 
spring-damper equation:

x 
pen is the penetration distance, and vnorm is the 

normal velocity.

Calculating the normal velocity. Calculating the slip coefficient.

Figure 1 Figure 2
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Where both the hub and contact point velocity are 
along the direction vector:

The direction vector is determined from the cross 
product of the normal vector and the wheel axel, 
which is a geometric property:

To calculate the latitudinal force, the constant k is 
replaced with �, where alpha is the
angle between the velocity of the hub and the 
directional component of the velocity as seen in 
Figure 3. Using this coefficient in the MF results in 
a latitudinal force, FLA:

To adapt the MF to code, appropriate fitting 
constants (D, C, B, E) had to be selected. The 
initial values were selected based on typical road 

conditions. The values were then tuned to fit the 
system that they were representing. The final 
values selected were D = 1.154, C = 0.05, B = 1.75, 
E = 0.97.

Thresholds were enforced to prevent 
divergence, specifically when the velocity was 
near zero and when the system was settling. In 
order for the horizontal forces to be calculated the 
hub absolute velocity had to be greater than .001 
m/s. An algorithm checked the local slope of the 
normal force to determine whether the system had 
settled or not, and if the slope was greater than .01 
N/s, then the horizontal forces were not calculated.
The TCM was tested in a rover simulation and a 
High Multipurpose Wheeled Vehicle (HMMWV) 
where it accelerated, stopped, and performed 
varying heading changes. The simulations were 
viewed and compared to simulations using 
previous tire models. Tests were completed on flat 
terrain and terrain including obstructions and 
bumps.

Calculating the latitudinal force. The corresponding MF curve for D = 1.154, C = 0.05, B = 1.75, E 

= 0.97. The y-axis is the normalized force and the x-axis is the 

coefficient, k.

Figure 3 Figure 4
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IV. Results

When the CFM was tested on Atlas, it properly 
produced contact constraint couples. When 
viewing the simulation with the contact normals 
turned on as seen in Figure 4, the Atlas was 
capable of settling and remaining at rest. The 
green lines in the figure are the normal vectors at 
the nodes that are created by the model file.

It was seen that certain body-terrain 
interactions did not produce sufficient nodes and 
may not have been recognized by the model. 
Specifically, when standing, the Atlas did not 
observe forces on itself until its ankle made contact 
with the ground. It seemed that the simulation was 
ignoring both feet. Problems occurred with plane 
geometry when a node fully breaks through, 
causing forces to disappear. This was fixed by 
switching the plane terrain to a block such that if a 

node breaks through the plane completely forces 
will always be applied.

The TCM was successfully implemented 
into the rover and HMMWV simulations, where 
they each were capable of settling, accelerating, 
stopping and turning on flat terrain. Turns were 
completed up to and including 20 degrees per 
second, and this involved left- and right-handed 
turns as well as sequential figure eights. After each 
turn, the car reached its starting point with a 
heading of zero and only a displacement around a 
car width. Testing is to continue on abnormal 
terrain and performing normal car motions such as 
lane changes.

Normal vectors at contact nodes.

Figure 5
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V. Discussion 

The CFM behaved as expected by generating the 
nodes and yielding collision forces for a solid rigid 
body when the actuators were prescribed and 
limited testing was done on the Atlas as a multi-
body system. The Atlas model itself needs to be 
looked into because as stated in the results, some 
bodies were not creating collision constraint nodes 
like they should have been. Future work would be 
to apply feed forward control to the simulations to 
ensure that model works in that field as well. 

For the TCM, the main problem came 
from thrashing, where the integrator does not 
converge on a solution. Inappropriate constants 
caused the simulation to have step size errors 
where the step size became infinitesimally small 
due to errors in the computation. The original slope 
of the MF curve was too high, requiring an 

extremely small step size in order to converge into a 
value. The slope of the MF curve is mostly influ-
enced by the product of constants B, C and D. The 
shape factor C affects mostly the slope of the curve; 
when it is lowered, the integration can occur in 
greater steps and eliminate the thrashing taking 
place. The thresholds were also very important to 
the integration of the model. Before they were 
implemented, simulations had run into many step 
size errors when the normal force was settling. 
Future work will consist of applying this contact 
model on other ground vehicle simulations and 
projects. More work can be completed to choose 
better fitting constants to optimize the calculated 
forces and step size.

0402_JANE and AD_final.indd   45 6/2/14   2:13 PM



www.curj.caltech.edu 46

0402_JANE and AD_final.indd   46 6/2/14   2:13 PM


