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Abstract—This paper aims to summarize my work performed
in the Harvard Microrobotics Lab. In the first half of the
semester, I focused on the design, manufacturing, and exper-
imentation of new components for the Harvard Robobee. In
addition, I also worked on the research and design of a novel
vertical hopping microrobot and a 2 degree-of-freedom (DOF)
joint. During the second half of the semester, using finite-element
analysis (FEA), I analyzed optimal wing designs of the Robobee
wing, keeping the wing area constant while parametrizing the
spar distance and spar angles of the wing frame.

I. INTRODUCTION

Throughout the Spring 2020 semester, I was working in the
Harvard Microrobotics Lab under the mentorship of Avik De
(James S. McDonnell Foundation Postdoctoral Fellow). At this
time, I worked on various aspects of the Harvard Robobee
project, such as testing new wing designs to assisting the
development of an optimization tool, and the creation of new
robot system and parts design.

Interestingly, because of the type of work performed and the
COVID-19 situation, this paper is organized by talking about
the work done during the first and second halves of the Spring
2020 semester. In addition, the themes of breadth and depth
are expressed during these time periods, which will be made
clear by the type of work done during those respective time
periods.

II. DESIGN AND MANUFACTURING OF MICRO-SCALE
FLAPPING AND HOPPING ROBOTS

The work accomplished in the 1%-half of the semester
can be separated into three subprojects: optimization tool
of the Robobee, designing a vertical hopping microrobot,
specifically, a passive flexure and a 2 DOF joint. During this
period of the project, the principles of design, manufacturing,
and experimentation took place, albeit at different degrees for
each project. This section describes the work that has been
done for each section and to the extent the three principles
occurred.

A. Optimization Tool for Harvard Robobee

A large portion of this time period was dedicated to the
design and experimentation of the wing and transmission of
the Robobee. This was to help with the development of an
optimization tool that given desired output kinematics and
interaction forces outputs an optimal design for various parts
of the robot. We discuss the work that has been done.

1) Wings: A lot of time was spent on designing and
experimenting with new wing designs. Using computer-aided
design (CAD) software, specifically AutoCAD, I began the
process by redesigning old wing designs, which acted as a
reference model. Various aspects of the wings were modified
and treated as parameters, among these are the following: wing
area, aspect ratio, spar length, and chord length. Refer to Table
1 for some examples of the new dimensions.

Fig. 1. Screenshot of some of the wings that were designed for the project.

The next part of the process was the manufacturing. Because
of the scale of the parts of the Robobee, understanding the
manufacturing methodology of smart composite microstruc-
tures (SCM) [1] was key. Using the DPSS laser, I learned
and eventually assisted with the manufacturing of the wings.
Essentially, for SCMs, each part is broken down into horizontal
layers, with each layer having a different material. Each layer
is then combined by heat and or pressure treatment, the final
result being the fully assembled part.

Once the wings have been manufactured, we then began
the experimentation. For all of the wings, we performed a
static flapping tests. Here, a wing is attached to a Robobee
frame to a hinge. The whole frame is then held in place and
put in front of a high speed camera. With a MATLAB script
sending voltage signals based on desired flapping frequencies,
a recording is taken of the wing flapping. The video is then
post processed and analyzed. For analysis, using ImagelJ, I
measured the stroke angle that each wing produces (refer to
Fig. 3).

2) Transmission: In addition to the wing, I spent some
time looking into the design of the transmission. This part
transfers the force from the actuator to the flapping of the
wing. Using the reference image for the transmission (Fig.
5), I experimented with different characteristic transmission
lengths (L1, Lo, L1,, L2,) by using a Mathematica script that
Avik provided (refer to Fig. 6).



TABLE I
ORIGINAL AND MODIFIED WING DIMENSIONS

Wing Version Wing Area (mm?) Aspect Ratio

Spar Length (mm) Chord Length (mm)

Original 54.4 2.135
Wing 1 53.3518 2.66
Wing 2 46.6629 2.385

11.69 5.475
13.27 4.988
11.8981 4.988

*Table that showcases a few of the modified wings’ dimensions with reference to original wing.
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Fig. 2. Image of fabrication process for the various Robobe parts. Image
obtained from [2]
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Fig. 3. Screenshot of stroke angle measurement.

At the time of the project, I did not have the chance to man-
ufacture the transmissions and measure their performances.

B. Vertical Hopping Microrobot

1) 1 DOF Joint: After work on the optimization tool was
completed, I began work on designing a vertical hopping robot.
I was tasked to design the passive flexture in the “knee” joint.
Inspired by the castellated joints in [3], I came up with the
following joint designs presented in Fig. 7.

These joints enabled 1-DOF rotational motion while min-
imizing torsion. In addition, it exhibits spring-like behavior,
which would be taken advantage of. The transmission would
cause the joint to bend, storing energy. Once released, the
stored energy would cause the joint to return to it’s equilibrium
position.

Fig. 4. Frame captured from the static flapping test. Stroke angle measure-
ments are then taken from the videos.
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Fig. 5. Schematic for the dimensions of the transmission.

2) 2 DOF Joint: In addition to the “knee” joint, I also
worked on designing a 2 DOF joint. It would be a passive
joint that would be attached to a transmission. In addition to
researching current designs ( [4]) and drafting new ones with
Avik (refer to Fig. 8 and Fig. 9), I also was trained on how
to use to paper-laminate laser cutting, which is a method that
tests SCM designs by building paper models.

III. WING DESIGN FINITE ELEMENT ANALYSIS

Due to the COVID-19 situation, the original research plan
got disrupted; labs were shutdown and a large majority of the
undergraduates required to moveout, myself included. Without
access to the labs, it was impossible to manufacture and
run experiments with new designs for the previous projects.
To work around this, in conjunction with my Computational
Structural and Solid Mechanics course (ENG-128/228), using
ABAQUS, I proposed conducting a finite-element analysis
(FEA) on the designs of the Robobee wing. Unfortunately,
due to various technical errors, valid results were not able
to be obtained. Nonetheless, this section aims to describe the
processes that was undertaken in order to conduct the analysis
and describe the issues encountered.
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Fig. 6. Mathematica script that was used to analyze potential transmission
designs. One optimization goal was to make the output match the green
parabolic curve.

Fig. 7. Sketches of designs for the knee-joint. Due to the stiffness of the
Kapton, it exhibits spring-like behavior which could be taken advantage of.

A. Goals, Parameters, and Constraints

Due to the complex nature of the Robobee wing and time
constraints, we needed to define attainable goals yet while
yielding valuable results. To accomplish this, we wanted to
fulfill two objectives:

(I) Deflections on the spar need to be minimized. This
would ensure that the wing is structurally stable and
won’t have fatigue issues [5].

Moment of inertia around the z-axis needs to be mini-
mized [6]. Referring to Fig. 10 for reference, reducing
this inertia will enable the wing to operate more effi-
ciently.
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Looking at the two requirements, attaining an optimal
balance is challenging. For instance, we can easily increase
the amount of carbon fiber used in the wing frame, but that
would in turn increase I, [6].

To find the optimal design that balances these two and
setting the appropriate scope, we hold the wing area constant
at Aying = 54.4mm? while varying the following two param-
eters: (A) spar distance and (B) spar angles. Refer to Fig. 11
for a visual guide.

B. Model and Analysis Setup

To ensure that model is as close to the experimental config-
uration, we carefully setup the various ABAQUS parameters
[8]. This section describes the setup.

1) Geometry: A couple of simplifications were made to the
AutoCAD sketches. First, it was broken down into two parts,
wing frame and wing membrane. Due to the complexity of
the wing sketch geometry, we generated multiple wing frames
sketches, each with different values for the parameters. For

Fig. 8. Draft sketch of 2 DOF joint design proposed by Avik. This gave me
the starting point for working on this aspect of the project.
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Fig. 9. Robot model that provides some guidance for the 2 DOF joint design.
Obtained from [4]

the wing spar distance, we ranged it between about 5 mm to
9mm. The spar angle ranged between 35 to 60 degrees (refer
to Fig. 11). These were all exported as .dxf files.

In addition, the curves at various points on the wing were
angled. This was done in order to ensure that there were no
oddly-shaped elements in the mesh. Refer to Fig. 12 for the
points that were angled.

2) Materials: The original wing is composed of three
layers: the frame, adhesive, and a membrane. Ignoring the
adhesive, the materials for the two layers are carbon fiber
and Mylar, respectively. For both materials, we assumed linear
elastic behavior. Basing off the material specification sheet for
Mylar [9], the values are E = 3.447 GPa (Young’s Modulus)
and v = 0.38.

For the carbon fiber, the orientation needed to be taken into
account. The carbon fiber that was used is YSH-50 (0-45-0).
Based on this information and the specification sheet [10],
we obtain the folllowing parameters that were inputted into
ABAQUS:

e F; (Young’s Modulus, 0 deg) = 310 GPa

e F5 (Young’s Modulus, 90 deg) = 3.8 GPa

¢ 115 (In-plane Poisson Ratio, 90 deg) = 0.2

e (12 (In-plane Shear Modulus) = 4.8 GPa

e (13 (Transverse Shear Modulus) = 245 GPa

e (23 (Transverse Shear Modulus) = 245 GPa

There was no specification given explicitly for Ga3, but we
assumed that G153 = Gos.

3) Boundary Conditions: Since the wings were attached to
a hinge mechanism that was passively rotating, all translational
and rotational degrees of freedom were constrained (Ul =
U2 = U3 = URI = UR2 = UR3 = 0, written in ABAQUS
convention). Although the hinge does allow free rotation, for
the static and quasi-static analysis, the hinge is held in place.
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Fig. 10. Diagram that showcases the coordinate axes of the Robobee. Image
obtained from Chirarattananon et al paper [7].

A) Spar Distance
B) Spar Angle

Constant Wing Area:
54.4 mm”2

Fig. 11. Visual aid that showcases the parameters and constraints on the wing.
Note that the wing frame (red) will be varied in the analysis. Spar distance
(A) is the distance of the rightmost spar from the leftmost point on wing
attachment. Spar angle (B) is the angle of the spars relative to the top edge
of the wing frame. Wing area is constant (Aing = 54.4 mm?).

4) Loading: The drag force from the air is the largest
force that the wing experiences during flapping. Although
this is caused by fluid dynamic effects, because ABAQUS’s
CFD solver doesn’t perform well and that we are interested
in the wing behavior from a structural point of view, we
treated the drag force as a pressure acting perpendicular to the
surface of the wing. Since we are interested in the maximum
deflection for each wing frame design, we needed to determine
the maximum drag pressure that the wing experiences. The
following equation modified from Whitney and Wood’s paper
[11] calculates the drag force on the wing. Note that the only
modification was that the original equation was pertaining to
lift (F, and C1). However, these can be changed to calculate
for drag by using Cp instead.

1 ~
Fp = §pw}2lCD(a)ER3F (D

Assuming worse case angle of attack (o = 0) and applying
the relevant parameters, we can determine the worse-case drag
force experienced by the wing. Dividing this by the wing area,
we get that P,;ng = 128 Pa. The calculator and values used
can be provided upon request.

5) Meshing: A crucial part of FEA, we selected the appro-
priate mesh configuration for the model. Although different
mesh elements were tried, ultimately what was used are
linear, tetrahedral elements (S3) for the wing frame, and
linear, tetrahedral membrane elements (M3D3) for the wing
membrane. Refer to Fig. 14 for a picture of the mesh.

Fig. 12. Diagram that showcases the parts of the wing that were angled,
indicated by yellow circles.

Fig. 13. Screenshot of boundary conditions and loads applied to the ABAQUS
wing model.

The choice of using linear tetrahedral elements as driven by
the failure of the experimental process. Originally, we were
using quad-dominated elements, but due to the computational
time increase and constant errors being raised, we decided
switching over to tetrahedral elements would help us debug the
issue. Although quadrilateral elements provide better accuracy,
the teaching fellows of the course pointed out that linear
elements would be satisfactory and would reduce computation
time.

Fig. 14. Screenshot of the model mesh for the FEA. Linear tetrahedral
elements were used for the whole model. The wing frame used shell elements
(S4/S3) while the membrane used membrane elements (M3D3/M4D4).

C. Experimentation and Results

Using this setup, we then started conducting the analysis,
with small changes to the steps made depending on the type
of analysis performed. As was mentioned earlier, no usable
results were obtained due to technical errors.

1) Static Analysis: Because we were interested in the
structural behavior of the wing, it was the logical first-step
to conduct a static analysis. We applied the setup discussed in
the previous section to the analysis.

Unfortunately, we did not get any useful results. Most of
the time, the job would run for a while, eventually crashing



and raising “time increment too small” or “too many attempts
made for this increment” error messages. Best case was when
the simulation ran up to 20% of the time increments (refer to
Fig. 15). However, that result isn’t usable because that means
only 20% of the load was applied.

Fig. 15. Screenshot of last increment of the static analysis before crashing.
This simulation failed at 20% time increment.

Looking into the warnings to help debug the issue, we
noticed that the “zero MOMENT everywhere” issue. We
concluded that these errors were raised because we were using
the membrane elements for the Mylar. Membrane elements
have no bending stiffness; they behave like fabric or extremely
thin sheets. However, even if we tried switching the element
types to shell elements, we still ran into convergence issues.

2) Dynamic Explicit Analysis: Although using membrane
elements led to issues regarding zero moments, a member
of the teaching staff pointed out that they have always used
membrane elements in dynamic analyses. This led us to
conducting a dynamic explicit analysis. Although the dynamic
explicit method is prone to inaccuracies, the solution always
converges. Additionally, dynamic analyses can be configured
to run a quasi-static analysis. Reconfiguring the loading and
boundary conditions to run a quasi-static analysis, we were
able to obtain results shown in Fig. 16.

Fig. 16. Results obtained from the dynamic explicit analysis.

Unfortunately, these results proved to be unusable due
to the oscillations present (refer to Fig. 17). A source of
the oscillations comes from mass scaling [12]. In dynamic
analysis, mass scaling is done in order to reduce computation
time, which in our case was significant, about 4 hours per
wing. However, it does have the effect of creating oscillations
in the results. To counteract this, damping is added to the
model through changing the bulk damping values in the STEP
or material damping. Unfortunately, despite using mass scaling
factors ranging from 50 to 1000 while adding a linear bulk
viscosity damping factor ranging from 0.06 to 20 and adding
material damping of aw = 8 = 0.1, this balancing act was unable
to reduce the computation time and eliminate oscillations.

An alternative method to reduce oscillations proposed by a
member of the teaching staff was to use a smooth step (refer to
Figure 18 for a visual guide). Since the oscillations are caused
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Fig. 17. Plot showing the displacement of a node along the leading edge.
Due to the extreme oscillations, results were unusable.

by accelerations, minimizing the accelerations should reduce
the oscillations. Unfortunately, there was not enough time to
test this method out.

amplitude

T
Q 1.0E-5
time

20E-5

Fig. 18. Visual representation of a smooth step in ABAQUS. Image obtained
from [13].

3) Dynamic Implicit Analysis: In an attempt to reduce the
errors that occured in the explicit analysis, we switched over to
using an implicit, quasi-static analysis. Compared to explicit,
implicit is more accurate but does not guarantee convergence.

Unfortunately, the analysis did not yield any results at
all. The program crashes when I was running the simulation
locally, and on the cluster, the time steps were extremely small
(At = 1.81E-13) that the simulation would not provide results
in a reasonable amount of time.

Material redefinition was also looked at. For the Mylar, we
thought that the errors in convergence could arise due to the
potential nonlinear behavior. Using the Lame parameters [14],
we were able to convert the linear elastic parameters to the
Neo-Hookean coefficients (C10 = 624.46 MPa, D1 = 417.76E-
06) [15]. Unfortunately, this also did not resolve the errors in
the simulation.

I'V. CONCLUSION AND FUTURE WORK

Overall, this research experience has been amazing, one
filled with learning and mastery. Through my work in the first
half of the semester, I was able to gain a better understanding
of the Robobee project and designing for smart-composite
microstructures. This 2.5D manufacturing was completely new
and challenged my current knowledge of design engineering.
In the second half of the semester, despite the simulations not
yielding usuable results, my understanding of finite-element
methods is deeper and more comprehensive.

As hinted throughout the report, there is future work that
can be done. Some of them are:

o Continue researching designs for multi-DOF robots to

learn current methods of SCM design and apply it to
the design of the vertical hopping robot.



o Test out new setups for the wing FEA. Currently, I'm
thinking of testing out membrane pre-tensioning or uti-
lizing tie-constraints with two separate sketches.

This research experience was my first one. Having been
curious about what conducting research is like, this was a
great opportunity to answer this curiosity. I hope to be able to
continue the research process.
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