
System for Dynamically-Controlled Growth of Hybrid Nanostructure Arrays 

 

Team 22 

 

 Benjamin Coffer bcoffer@umich.edu 

 Murat Gozum muratgo@umich.edu 

 Eric Nauli Shite ericns@umich.edu 

 Chenhao Zhang chenhaoz@umich.edu 

 

Mechanical Engineers 

University of Michigan 

 

Instructor 
 
John Hart 
Assistant Professor 
Mechanical Engineering 
University of Michigan 
ajohnh@umich.edu  

Sponsors 
 
John Hart 
Assistant Professor 
Mechanical Engineering 
University of Michigan 
ajohnh@umich.edu 
 
Jong-Girl Ok 
Ph.D. pre-candidate 
Mechanical Engineering 
University of Michigan 
jgok@umich.edu 
 

 

Yongyi Zhang    
Post-Doctor Fellow 
Mechanical Engineering 
University of Michigan 
yyzhang@umich.edu 
 



1 
 

EXECUTIVE SUMMARY 

Carbon nanotubes (CNTs) and nanowires (NWs) have been applied in multiple fields due to their high 
strength, electrical conductivity, and optical properties. New types of nanostructure materials could be 
suitable for new applications. Our project is therefore to build a machine capable of growing two species 
of nanostructures on the same substrate.  Currently, there exist multiple methods of growing 
nanostructures such as NWs and CNTs.  However, little work has been done to combine methods and 
grow a hybrid structure.  Our sponsor, John Hart, has therefore asked us to build a machine capable of 
growing such structures. 

After a broad literature search, discussions with our sponsor, and multiple design iterations we have 
finalized our design to that shown in Fig 19(DR3 Presentation Schematic).  Our design uses a single 
pump to move reaction and cleaning solutions into a reaction chamber where nanostructure growth will 
take place.  The system will fully automate the process of switching reaction solutions, heating the 
reaction chamber, and electrodeposition. 

The main subcomponent of our design is the reaction chamber.  It consists of a rectangular quartz tube 
wrapped with a heating wire and sealed on both ends with stainless steel end-caps.  Hoses connected to 
the end-caps are able to move reaction solution in and out of the reaction chamber.  A thermocouple and 
two power wires are also fed in through the end-caps.  These wires will provide power to the electrodes.  
The entire reaction chamber will be wrapped in insulating wool and mounted on firebricks within a metal 
enclosure. 

Many other subcomponents are also incorporated into our design.  This includes solenoid valves, a pump, 
a radiator, computer control electronics, and a power supply.  Details of these components can be seen in 
section 3.1 and 3.2. 

Various analyses were performed to help us determine our design parameters.  First, a power analysis 
indicated that about 420W would be needed to heat the reaction chamber within 20s and this was used to 
size the heating coil.  Second, we estimated the stress induced in the nanostructures from the solution 
flow would be a negligible 0.36 Pa.  Thirdly, the steady-state temperature distribution was estimated and 
used to select reaction chamber materials and dimensions.  This was also used to ensure that the reaction 
chamber seals will remain below their maximum service temperature of 200 °C.  Finally, the thermal 
stress in the quartz tube was estimated to be 5.15 MPa which is safely below its 50MPa yield stress. 

A material survey and selection was performed with the help of the CES software.  This directed us to use 
stainless steel, quartz, and a machineable ceramic macor for reaction chamber materials.  These materials 
provide excellent durability at high temperatures and in corrosive solutions. 

We will use CNC milling, lathing, drilling to fabricate our prototype. Tests and validations could be 
executed afterward. 
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1   INTRODUCTION 

1.1   Introduction and Background 

NWs and NTs are structures of nanometer scale. They are applied in multiple fields such as extremely 
strong materials and solar cells, due to their excellent properties such as high strength and high electrical 
conductivity. Hybrid nanostructure growth has not been investigated deeply into. Besides, there is no 
automated fabrication of it with high precision and accuracy. Our team aim at the fabrication of these 
hybrid materials, as shown in Fig 1. It will bring about more applications of nanostructure materials by 
increasing the number of their types. We also aim at a fully automated system for its growth with high 
accuracy, which will be applied for these fabrications conveniently.  

  

Fig 1: Hybrid Arrays 

Our main sponsor is Prof John Hart. He required us to fabricate two types of nanostructures on one 
substrate and also a complete automated system for controlling the growth with desired transient 
responses. All these fabrication methods are inside solutions, which offers better environments for hybrid 
nanostructures growths. We researched the reagents and growth methods for different NWs and NTs. 
They usually require a temperature from room to 500 °C. The energy sources are always thermal energy 
and electrodeposition energy. A complete list of our research results could be seen in Appendix 1.  

1.2   Customer Requirement and Engineering Specification 

Our customer, Prof John Hart, has given us specific requirements. First, and most importantly, the 
machine must be able to automatically grow two types of nanostructures on the same substrate.  This will 
require that the machine switch reaction conditions.  Secondly, the machine must be convenient to use.  
This means that once the user sets it up and starts it, it should grow the structures automatically.  It also 
means that the machine should grow the nanostructures in a reasonable amount of time.  Specifically, our 
sponsor requested that the machine switch between reaction conditions within 30 seconds.  Thirdly, our 
sponsor requested that the machine supply energy to the reaction site from multiple sources.  It is desired 
that direct heating plus one or two additional energy sources be employed.  A more specific list of the 
sponsor requirements can be seen in the QFD diagram in Appendix 2. 

We generated customer requirements into engineering specifications. Before we finalized them, we have 
considered multiple controls, more specifically, those for pressure, mass, concentration, temperature, flow 
rate, and voltages for electro-deposition and for ultrasonication. We revised them through analysis and 
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discussions. For the convenience of material selections, we determined to perform the reactions only in 
one atmosphere pressure. We could directly control reagent masses through pumping. Moreover, the 
concentrations of solutions will be ensured through reagents preparations and manually mixings, before 
they enter into our system. Therefore, we eliminated the pressure, mass and concentration controls. We 
then finalized our engineering specifications after these revises. First and foremost, target range for 
temperature control is 20 to 500 °C. It means that we will control our solutions to be from room 
temperature to a certain value less than 500 °C, for multiple reactions. Secondly, the settling time and 
switching time are respectively 60s and 30s. It requires a significant temperature rise in a period as short 
as 20s. At the same time, the substrate is set 1cm2 in area. These requirements determined our preliminary 
analysis, concept generations and final design, such as the power requirement, pumping rate, and CAD 
model. A more specific list of the sponsor requirements can be seen in the QFD diagram in Appendix 2. 

 

2   BRAINSTORMING AND CONCEPT GENERATION 

In order to aid our brainstorming process, we broke the problem up into functional components as shown 
in Fig 2.  We tried to make this figure as general as possible so that it would not limit our concept 
generation.  The shaded region of the diagram represents our machine and the arrows crossing the borders 
of the shaded region represent the inputs and outputs of our machine.  The white blocks in the diagram 
represent subcomponents of our machine. 

 

Fig 2: Functional Decomposition 

The two main inputs are the Substrate and the Solutions. They will be routed through the system as shown 
in the diagram. First, some form of mounting, switching, preheating, and relative motion will be 
employed on them to allow for various reactions to take place.  Different forms of energy will also be 
applied during the reactions.  This will come from a heater, electrodes, microwaves, and/or ultrasonic.  
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When all of the reactions have completed, the only outputs should be waste material and a pristine hybrid 
nanostructure. 

The other two inputs, User Input and Power, are connected to the Automation and Power Distribution 
subcomponents respectively.  These two subcomponents are then connected to nearly every other 
subcomponent in the diagram.  However, for the sake of clarity, we did not show these connections on the 
figure. 

This diagram greatly helped our team understand the design problem.  The most significant effect was 
that it helped our team communicate with each other about the various aspects of the problem. 

The four members of our team sat around a table and sketched out possible solutions to the problem, 
according to our generalized functional diagram in Fig 2.  We tried to remain open to all ideas and 
discouraged any criticism.  We mostly focused on system-level ideas, but these naturally contained a 
number of component-level ideas.  We came up with several good sketches for system level concepts and 
modules. 

2.1 Hold Substrate Fixed and Switch Solutions 
Our first system-level concept is to hold the substrate fixed in a reaction chamber and to switch solutions 
within the chamber.  Various implementations of this design can be seen in Fig 3 to 5.  In all of these 
sketches, a solution is drawn from a storage container and flown into the reaction chamber.  These figures 
also illustrate some of our component-level concepts.  They will be described next. 

  

Fig 3: Fluid Flow 1 
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Fig 4: Fluid Flow 2 

 

Fig 5: Fluid Flow 3 
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2.1.1 Solution Switching 
We generated two different methods of implementing the solution-switching component.  The first uses 
an actuated valve for each solution as shown in Fig 3 and 5.  These valves would be controlled such that 
the correct fluid would be drawn at the correct time.  The second concept would use a revolving table to 
switch between solutions as shown in Fig 4.  In that design, a solution would only flow if the hole in the 
bottom of its container lined up with a hole in the table.  This hole is then connected to a tube which 
supplies the solution to the rest of the system.  In this case, the rotation of the table would be controlled 
such that the correct solution flows through the system at the correct time. 

2.1.2 Solution Transportation 
Two different methods for moving the fluid through the system were generated.  The first is to use a 
pump as shown in Fig 5.  The second is to rely on gravity as shown in Fig 3 and 4. 

2.1.3 Solution Preheating 
Two different methods for preheating the solution were generated.  One is to preheat the solution as it is 
being transported to the reaction chamber as shown in Fig 3.  The other is to preheat the solution while it 
is in its storage container as shown in Fig 4 and 5. 

2.1.4 Heating 
We generated three different methods for heating the reaction chamber.  The first of these is to use 
hotplate as shown in Fig 3.  The second is to enclose the chamber with heating coils as shown in Fig 5.  A 
more detailed view of this can be seen in Fig 6.  Finally, the third method is to heat the reaction chamber 
with a solid-state heater as shown in Fig 7. 

Fig 6: Coil Heating   Fig 7: Solid State Heating 

 

 

 



9 
 

2.1.5 Electrolysis 
Electrolysis will be employed by either building electrodes into the substrate mount or by building a 
separate structure which encloses the substrate mount. 

2.1.6 Microwave 
Microwave irradiation will be applied by generating microwaves outside of the reaction chamber and 
directing them through the chamber.  A focusing horn may be employed to direct the microwaves. 

2.1.7 Ultrasonic 
Ultrasonic energy will be employed by placing an ultrasonic horn inside of the reaction chamber as shown 
in Fig 3.  The position of this probe will be flexible so that it can be repositioned for each experiment.  A 
bushing will be used where the horn intersects the chamber wall.  If selected properly, this bushing will 
isolate the chamber from the ultrasonic frequencies and will prevent leaking. 

2.1.8 Reaction Chamber 
Three different reaction chamber designs were generated.  The first uses a square shape as shown in Fig 3.  
In this design, the substrate is accessed by unscrewing the top.  The second design uses a tube which has 
been deformed by pinching the center portion as shown in Fig 4.  The substrate would then be placed in 
the narrow portion of the tube.  This idea came from our sponsor, John Hart.  The third design uses an 
undeformed tube with specially shaped inserts as shown in Fig 5.  These inserts will contain the substrate 
mount and electrodes and will be shaped to provide a desirable reaction chamber volume. 

2.1.9 Substrate Mount 
Three different substrate mounting designs were also generated.  The first is to use an intermediate mount 
as shown in Fig 8.  In this design, the substrate is first attached to a mount, and then the mount is attached 
to the inside of the reaction chamber.  This would provide a convenient way to load or unload the 
substrate.  The second design uses a clip to hold the substrate in place as shown in Fig 9.  Although only 
one clip is drawn, multiple clips may be used in this design.  The third design is to use a clamping 
mechanism similar to those used to attach microprocessors on motherboards.  An illustration of this is 
shown in Fig 10.  In this design, clamping levers would apply a force on the substrate to hold it into a 
recessed area.  The clamping levers would then be held in place by inserting a pin. 

 

Fig 8: Intermediate Mount 
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Fig 9: Substrate Clip 

 

Fig 10: Substrate Clamp 

 

2.1.10 Solution Cooling 
As the waste solution exits the reaction chamber, it will be cooled by cooling fins as shown in Fig 3, 4, 
and 5.  An alternative method would be to allow the solution to cool on its own after it exits the machine. 

2.1.11 Waste Switching 
The waste solution exiting the reaction chamber will be directed into different waste containers.  This will 
be achieved by either using actuated valves or by switching the waste containers using a rotating table. 

2.2 Moving Substrate through the Air between Solutions 
Our second system-level concept is to move the substrate through the air between solutions.  This is done 
by removing the substrate mount from one solution, applying some relative motion, and inserting it into a 
different solution.  Various implementations of this design can be seen in Fig 11 and 12.  These figures 
also illustrate some of the component-level concepts which will be described next. 
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Fig 1: Actuated Arm 

 

 

Fig 12: Turn Table 
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2.2.1 Solution Switching 
We generated two different methods of moving the substrate between solutions.  The first method is 
shown in Fig 11.  Here an actuated arm moves the substrate vertically and in a circle.  The second method, 
shown in Fig 12, uses an actuator which moves vertically and a rotating table. 

2.2.2 Heating and Preheating 
Three different methods could be used for heating and preheating.  The first method would be to attach a 
heater to each solution container and heat each solution prior to and during use.  This could be done by 
using hotplates as shown in Fig 13 or by wrapping the containers with heating coils as shown in Fig 14.  
The second method would be to use only one heater and one preheater underneath the turntable as shown 
in Fig 12.  The turntable would then be designed to conduct heat from the heater only to the targeted 
solution. 

 

 
Fig 13: Hotplate     Fig 14: Heating Coils 

2.2.3 Electrolysis 
Electrolysis can be implemented by building the electrodes directly into the substrate mount and moving 
them between solutions with the substrate.  This is shown in both Fig 11 and 12.  An alternative approach 
would be to leave the electrodes in each of the containers and mechanically slip the substrate between 
them. 

2.2.4 Microwave 
Microwave can be implemented by generating the microwaves a container and directing it through the 
container. 

2.2.5 Ultrasonic 
We generated two different methods for implementing ultrasonic.  The first is to attach the ultrasonic horn 
to one of the containers as shown in Fig 11.  The second is to attach the ultrasonic horn directly to the 
actuated substrate mount as shown in Fig 12.  

2.2.6 Substrate Mount 
The same substrate mounting methods shown in Section 2.1.9 could also be used in this system-level 
design. 
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2.3 Wild Concept: Move Substrate between Solutions without Air Contact 
Our third system-level concept is to move the substrate between solutions without contacting the air.  We 
viewed this as a wild idea because of the stringent requirement that the solutions do not mix with each 
other and that they remain in layers.  Three various implementations of this concept can be seen in Fig 15, 
16 and 17. 

The first of these is titled “Elevator” because an actuated wall moves the substrate vertically between the 
solution layers. 

 

Fig 15: Elevator 

The second variation of our wild concept, shown in Fig 16, is titled “Rotation” because the substrate 
would be mounted in a rotating tube.  The rotation of the tube would effectively move the substrate 
through different fluid levels as shown. 

  

Fig 16: Rotation 
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Finally, the third variation, shown in Fig 17, employs a lifting mechanism which travels along a track 
submerged in a cleaning solution.  This lifting mechanism then lifts the substrate into reaction solutions 
which float on top of the cleaning solution. 

 

Fig 17: Submerged Track 

 

2.4   Concept Evaluation 

We scored our three system-level concepts along with their variations. They were evaluated by section 
criteria consisting of control and manufacturing convenience, accuracy and flexibility, the probability of 
making products and their quality, durability and cost. The concept for reference is Actuated Arm, as 
shown in Fig 11. It leads to very low scores of wild concepts, and relatively higher scores for Fluid Flows, 
due to their differences of product qualities and cleaning effects. 

The best system-level concept is Fluid Flow 3, as shown in Fig 5. It will switch different growth 
conditions by pumping solutions and controlling valves, preheat different solutions by individual heaters 
before fluid flow, and drive the reagents into a cylindrical reaction chamber with appropriately shaped 
middle part for locating both electrodes and substrate mount. We chose it as our system-level concept for 
our design plan, due to accurate flow rate control by pumping, good preheating and heating condition, 
well shaped reaction container and located electrodes.  
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Fig 18: Selection Matrix 

It was further enhanced through preliminary analysis. From our power analysis, the temperature near the 
substrate could be raised up by 500 °C in 20s without any additional preheating. Besides, three way 
valves perform better for combining tubes. Moreover, rectangular reaction chamber is more fit for 
locating electrodes and substrate. These will be shown more in detail in the following final design 
analysis section. 

 

3   FINAL DESIGN AND ANALYSIS 

This section presents our final design and the analysis which helped form our design. Fig. 19 shows the 
system flow of our design and its important components.  

 
 

Fig 19: The System Flow Chart for the Final Design 
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3.1   CAD Model of the Reaction Chamber 

 
The reaction chamber is the most important part of our system because this is the place where the 
nanostructure is fabricated. The structure of the chamber is designed to hold the electrodes and the 
substrate firmly while avoiding short circuit between the electrodes and the steel casing. The shape and 
the dimensions of the chamber is designed to minimize the volume, which means that we can heat the 
solution faster and switch between solutions faster. 

 
Fig 20: Reaction Chamber Parts and Assembly 

 
All of the parts listed for our design need to be manufactured and then assembled together. The materials 
used for the reaction chamber are stainless steel type 304, Macor “machinable ceramics”, quartz and 
polymer o-rings. Following is the list of the parts of the reaction chamber and their detailed specifications. 
The cross sectional view of the reaction chamber and the clearances can be seen in the Appendix 9. 
 
3.1.1 Electrode Mount 
Material: Macor 
 
This part is made of Macor because of the high electrical resistance of the ceramics. This part along with 
other ceramics is used to separate the electrode from the steel casing. The rectangular holes on one of the 
surface of the part are where we slide the electrodes in and the circular hole is where the fluid will come 
in. The circumference of the electrode mount is shaped so that we can only insert the part with the correct 
alignment. 
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Fig 21: Electrode Mount 

 

 
 

Fig 22: Engineering Drawing of the Electrode Mount 
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3.1.2 Quartz Tube 
Material: Quartz and Macor 
 
The quarts tube is where the reaction takes place; therefore this part is extremely important to the success 
of this project. In our design, this quartz tube has a flange at one its end to prevent this part from moving. 
Unfortunately, the quartz tube available in the market is just a rectangular tube, which is why we need to 
manufacture a flange for this part ourselves. The flange is made of Macor and needs to be cemented to the 
quartz tube. 

 
Fig 23: Quartz Tube and the Manufactured Macor  

 

 
Fig 24: Engineering Drawing of the Macor Piece 

 

 
 

Fig 25: The Quartz Tube 
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3.1.3   Electrodes  
Material: Stainless Steel Type 304 
 
The pair of electrodes in the picture is used for electrodeposition growth and also as the substrate mount. 
The substrate is mounted on the electrode, possibly on the top piece, by using a clip (not pictured). The 
substrate used should be at least 1 cm2, but we need to add some space on the substrate for attaching the 
clip and still have growth area of 1 cm2. The cables connecting the electrodes to the power supply is 
attached into the M1 threaded hole in the electrode and then screwed by the appropriate M1 screws. 

  
Fig 26: A Single Electrode 

 

 
  

Fig 27: Engineering Drawing of the Electrodes 
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3.1.4 Steel Casing 
Material: Stainless Steel Type 304 
 
This casing envelops the base of the quartz tube and the electrode mount. There are 2 Viton O-Rings used 
in 2 different locations inside this casing to prevent the solution from leaking out. The “body” and “cap” 
of this casing is threaded so the chamber can be tightened with enough force to let the o-rings deforms 
and prevent any leakage.  

 
Fig 28: Steel Casing Body and Cap 

3.1.4.1 Body 
The inner hole of the “body” is shaped in such a way to align the electrode mount correctly and prevent 
them moving. We provide enough clearance for the electrode mount and quartz tube to slide into the hole 
in the body. 

 
 

Fig 29: The Body of the Casing 
 

Body 

Cap 
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Fig 30: Engineering Drawing of the Body of the Steel Casing 
 

3.1.4.2 Cap 
The inner wall of the base of the cap is grooved to provide a space to put in the o-ring. The hole from 
where the fluid comes in is threaded to put in a Female NPT 1/8, which is connected to a polymer pipe. 

 
Fig 31: The Cap of the Casing  
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Fig 32: Engineering Drawing of the Cap of the Steel Casing 
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3.1.5 Output Cap 
Material: Stainless Steel Type 304 
 
The output cap is the part connecting the end of the quartz tube into another NPT 1/8 fitting. This fitting 
connects into a metal tube which connects to a radiator to cool the hot liquid down to a safe temperature 
for a polymer pipe to be used. The quartz tube will be slid into the rectangular hole and then cemented in 
place. 

 
Fig 33: Output Cap 

 
 

Fig 34: Engineering Drawing of the Output Cap 
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3.1.6   O-Rings 
Material: Viton 
 
We have two polymer o-rings in our system and their only purpose is to seal the steel casing so that the 
solution does not escape from the system. This part is important because we are dealing with hot solution 
and we don’t want anything to leak out from our system. We also need to make sure that the solution near 
the o-rings is in the safe operating temperature range of the o-rings. The first o-ring is sealing the gap 
between the steel casing’s body and the cap while the second o-ring is sealing the gap between casing’s 
body and the quartz tube. 
 

 
Fig 35: O-Rings 

3.2   Other Components 

Several other important components include the solenoid valves, pump, radiator, and power supply.  
These items will be described next. 

3.2.1   Solenoid Valves 

The solenoid valves used in our system are shown below.  They are made by Cole Parmer, require 24V to 
operate, and draw 8 watts apiece.  The ports for each valve are female NPT 1/8.  The location of these 
valves within our overall system can be seen in the Fig 19 (this is the schematic). 

The valves will be powered by the power supply listed below.  Each one will be controlled by a digital 
output on our DAQ hardware and a solid state, optically isolated, relay. 
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Fig 36: Cole Parmer Three-Way 

Solenoid Valve 

 
Fig 37: Cole Parmer Two-Way 

Solenoid Valve 
 

3.2.2   Pump 

The Watson-Marlow peristaltic pump, shown below, will be used to move solutions throughout the 
system.  It includes a 35Watt 350 RPM motor with a speed controller.  We will use 1/4” Bioprene tubing 
which is rated at 3.6 ml/rev.  Therefore, the pumps maximum flow rate will be 1260 ml/min.  The motor 
requires 24V which will be provided by the power supply listed below. 

The speed of the pump is controlled by two low power, 1-5V, command signals.  The first signal controls 
the speed of the pump and the second signal controls the direction.  These signals will be generated by an 
analog output and a digital output on our DAQ hardware. 

 

Fig 38: Watson-Marlow 313 VDL/D Peristaltic Pump 
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3.2.3   Radiator 

The figure below shows the radiator that will be used to cool solutions as they exit from the reaction 
chamber.  This radiator will be purchased as part of a PC Cooling System and then removed and placed in 
its own housing.  The fan from the original cooling system will also be used but will be thermally isolated 
from the radiator. The plastic part shown in Fig 39 will be cut away for avoid likely melting in high 
temperature. 

 

Fig 39: Radiator from Thermaltake CL-W0052 PC Cooling System 

 

3.2.4   Power Supply 

Power will be supplied to the solenoid valves and pump with a 24V/5A regulated power supply from 
Acopain.  The four solenoid valves require 8 watts apiece and the pump requires 35 watts.  Therefore the 
total power requirement is 67 watts which is safely within the 120 watt limit of the power supply.  An 
AC/ DC power adapter would not be sufficient since they very rarely provide more than 24 watts. 

3.2.5   National Instruments Data Acquitition (DAQ) Hardware 

In this project we determined that a National Instruments USB-6211 DAQ was needed due to its 16 
analog inputs.  These are needed to record the low voltages from the thermocouples.  The DAQ also 
provides four digital outputs to control the four valves and sufficient analog outputs to control the pump 
speed. 

 

3.3   Bill of Materials 

The Bill of Materials in Appendix 3 shows that the total cost of our design is $4150.  This list includes all 
components and raw materials needed to build our final design.  However, the bill of materials and the 
resulting total cost does not include parts that were outsourced to Malaysia. 
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3.4   Preliminary Analysis 

We performed our analysis for several technical data and material selections. First, and most importantly, 
we performed power supply for the rise of 480 °C in 20 s. It is only for the solution surrounding the 
region of substrate with heat loss to the solution of nearby regions. Secondly, we analyzed the steady state 
temperature distribution. It offers the information about steady state power supply and temperature at 
certain locations. Besides, we figured out the flow rate of solutions and the thermal expansion of the 
reaction chamber. These ascertain the safety of both the nanostructure on the substrate and the reaction 
chamber. We also have selected proper materials for different components. 

3.4.1   Power Requirement 

We decided to heat the solution by using one electrical resistive coil. It will generate electric energy into 
thermal energy. We used Eq 1 to figure out the power required.  

 P ൌ E
∆୲
ൌ   C౦୫∆T

∆୲
ൌ   ρC౦V∆T

∆୲
 = 

ρC౦୪୵୦∆T
∆୲

  Eq 1 

P is the power need. E is energy for applying P in a period ∆t. Cp ,m, ρ and V are the heat capacity, mass, 
density and volume of the solution to be heated. l, w and h are the inner length, width and height of the 
reaction chamber. ∆T is the temperature rise. This equation shows the transient power needed for heating 
a certain solution of certain volume by a certain amount of temperature in a certain amount of time. Under 

the condition that ρ = 1g cmଷൗ , C୮ = 4.1813 J gKൗ  , l = 3cm, w = 1.4cm, h =1cm, ∆T = 480 °C, and ∆t = 

20s, we obtained the value that P = 421.5 W. It shows the power needed for heating water solution around 
the region of the substrate inside the reaction chamber from room temperature to 500 °C in 20s. The 
sample heating coil is able to generate 1120 W in maximum. So we assumed that this heating coil could 
provide sufficient power for such temperature increase in 20s, even if there still exists heat loss. The value 
of the heat loss was also preliminarily analyzed. It will be shown in section 3.4.3. 

3.4.2   Shear Stress on Nanostructure 

In order to assure that the nanostructure of the substrate will be safe as solutions are being pumped into 
the reaction chamber, we analyzed the stress on the substrate under the required flow rate. Since the 
switching time is required to be 30s and we attempted a heating period of 20s, the cleaning and the 
pumping of the next reagent solution will both take 5s. First, we figured out the Reynolds Number before 
we obtained the value of the stress on the substrate, through Eq 2. 

 Rୣ ൌ  
ρ୴ୢ
μ

 Eq 2 

Re is the Reynolds Number, which shows the ratio of the inertial force to the viscous force of a fluid. v is 
the mean fluid velocity. d is the characteristic dimension. μ is the viscosity of the fluid. For our reaction 
chamber, d ≈ 2cm. For water solutions, ρ = 1g cmଷൗ , μ = 5 × 10ିସ Pas. The mean fluid velocity could be 
figured out in Eq 3. 
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 v = V
ሶ

A
 = V

′

A∆୲′
 Eq 3 

Vሶ  is the volumetric flow rate. A = 1.4 cm2. It is the side inner surface area of the reaction chamber. V′ = 
25.2 cm3. It is taken as twice the volume of the whole reaction chamber, for a better cleaning effect. ∆t′ = 
5s. We therefore obtained the result v = 3.6 cm/s. We plugged it into Eq 2 and obtained Rୣ = 1440.  

Re of greater than 2300 indicates turbulent flow, so the fluids will perform a laminar flow, where the 
viscous force dominates. Therefore we mainly pay attention to the shear stress from the fluid viscosity. It 
could be seen in Eq 4. 

 τ = µୢ౬
ୢ౯

 ൎ µ୴
୷

 Eq 4 

y is the length of our nanostructure. The velocities at its top and bottom are v = 3.6 cm/s and zero. Under 
the condition that y ≈ 50 μm, we obtained a shear stress of τ = 0.36 Pa. It is of a far smaller order of 
magnitude than the tensile strength of a common solid material, which is always in MPa. Therefore, we 
could assume that these laminar fluid flows applying quite small viscous forces on nanostructure 
materials will cause no or negligible damages to them. 

3.4.3   Temperature Distribution 

We desire the solution around the substrate to be 500 °C, and we want to know the power needed for 
maintaining this temperature.  Besides, we also want to know the temperature at certain locations under 
such condition. Solving these questions manually is a far more complex job than dealing with them 
through software. At the same time, the graph from software offers a more visible temperature 
distribution than merely data. We therefore used software COMSOL to solve it. The temperature 
distribution is under the steady state and with no fluid flows. The graph is shown in Fig 40. 

 

Fig 40: COMSOL Simulation for Temperature Distribution on Steady State Conditions 
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Instead of using our original CAD model, we analyzed a simplified one with three layers. These are 
thermal insulation layer, reaction chamber layer and solutions. We assumed conduction to be the only 
way of heat transfer, since the pumping rate during steady state will be arranged very low. All the 
constant input data could be seen in Appendix 4. The only variable input data is the power density at the 
heat region surrounding the reaction chamber. We verified different values to obtain the desired 500 °C 
near the substrate. We finally obtained the value of the power for the compensation of heat loss at steady 
state. It is 16.8 W. It also offered an approximate heat loss value during the transient heating step, as we 
mentioned above. 

At the locations where we put the polymer seals (O-rings), the temperatures are desired to fall down lower 
than 100 °C. The result from COMSOL shows that these temperatures are near room temperature and the 
O-rings are more than safe. However, this result is only from the preliminary analysis through COMSOL. 
Therefore, for the sake of safety, we decided not to reduce the chamber size. We will add more insulator 
if the heat loss is so dominant that the solution near the substrate could not be maintained at 500 °C. 

3.4.4   Thermal Expansion of the Reaction Chamber 

Quartz is a very brittle material. Meantime, thermal expansion will happen due to the significant 
temperature difference in this approximate 3cm as shown in Fig 40 and 41. We therefore analyzed its 
stress to avoid fracture from it. We plotted the temperature distribution and temperature gradient along z-
axis in the circled region shown in Fig 41. They could be seen in Fig 42 and 43. 

 

Fig 41: Region for Temperature Distribution and Gradient Analysis from COMSOL Simulation 
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Fig 42: Temperature versus Length along z-axis 

 

Fig 43: Temperature Gradient versus Length along z-axis 
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The maximum temperature difference is about 2.4 × 104 K per meter. 
We figured out the shear strain by using Eq 5. 

ε = tan θ = ∆୶
L

 = α∆T୶
ଶL

  Eq 5 

 ε is the shear strain. It is determined by the angle θ, as shown in      
Fig 42. The change of width ∆x is determined by its original width x 
and thermal expansion of the material α∆T. α is the thermal expansion 
coefficient and ∆T is the temperature  rise. The ratio of the change in 
width to the length is the tangent value of θ.   

For L = 1 m, x = 1.4 cm, ∆T = 2.4 × 104 K and α = 0.5 ustrain/K, we 
obtain the shear strain to be 8.4 × 10ିହ. For x =1, the shear strain is   
6 × 10ିହ. These are the values of shear strain along y-z plane and x-z 
plane, as shown in Fig 40 and 41. For conciseness, we assume there is 
no shear strain along x-y plane and the tensile strain of x-x, y-y and 

Fig 42: Shear Strain                       z-z to be the same.                               

                                                                                                               

Hooke ‘s Law: 
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As ϵ୶୶ = ϵ୷୷ = ϵ୸୸, from Hooke’s Law, we obtained σ୶୶ =  σ୷୷ =  σ୸୸ = E
ଵିଶυ

 ϵ୶୶ = E
ଵିଶυ

α∆T. These could 
be neglected as we are figuring out von Mises stress through Eq 6.  

  σHതതതത = ට൫ σ౮౮ି σ౯౯൯
మା൫ σ౯౯ି σ౰౰൯

మାሺ σ౰౰ି σ౮౮ሻమା଺ሺ σ౮౯మା σ౯౰మା σ౰౮మሻ
ଶ

  

 
 σ౮౮ ୀ  σ౯౯ ୀ  σ౰౰ ୟ୬ୢ  σ౮౯ୀ ଴
ሳልልልልልልልልልልልልልልልልልልልልሰ  σHതതതത ൌ ට 3ሺσ୷୸

ଶ ൅  σ୸୶ଶሻ  Eq 6 

For quartz, the shear modulus G = 31.4 GPa. Under the condition that ϵ୷୸ = 8.4 × 10ିହ and ϵ୶୸ =6 × 10ିହ, 
we obtained the von Mises stress  σHതതതത = 11.23 MPa through Eq X and Hooke’s Law. The safety factor is 
assumed to be 2 to 3, which is far less than  σY

 σH
 = 50 MPa/11.23 MPa = 4.453 (for quartz, the yield strength 

 σY is 50 MPa). We achieved a conclusion that the quartz tube is absolutely safe for the shear stress from 
this heating and thermal expansion. The axial stress is negligible because we applied polymer tubes in 
several fittings of our system and any axial thermal expansion is assumed to be within the flexibility of its 
motion. 
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3.4.5   Material Selection 

We have chosen appropriate materials for different components through software CES. These materials 
are basically for our reaction chamber, which will be manufactured rather than ordered directly. We need 
them to be able to resist a temperature of 500 °C and a pH-range of 4-13, more specifically for various 
weak acids, weak alkalis and strong alkalis. 

First, we chose quartz as the material for the tube of our reaction chamber. Before we made our decision, 
we had considered stainless steel. It has high serving temperature and is non-corrosive to most of the 
chemistries. However, it is an electrical conductive material and will cause a short circuit between our 
electrodes if we apply it. Therefore, we determined to use quartz as this material, with even higher serving 
temperature, higher resistance of corrosions, and most essentially far lower electrical conductivity. 
Besides, quartz also has lower thermal conductivity, so that we could maintain lower temperatures at 
polymer sealed locations. 

At the same time, we need a material with high manufacturability and low electric conductivity to be the 
electrode mount. Macor is one of the best choices. It has quite high serving temperature, low thermal 
conductivity, high electrical and corrosion resistances, and most importantly, high machinability. This is 
the reason for our elimination of quartz, due to its extremely high strength. Besides, we need a durable, 
machinable , non-corrosive material with high serving temperature for the body of the reaction chamber.  

We decided to use stainless steel 304 series. It has high serving temperature, high resistance for 
corrosions, good durability and machinability. These make stainless steel far more dominant for this 
choice than others such as copper or aluminum. A more detailed material properties table could be seen in 
Table 1. 

Table 1: Material Properties Table 

Materials Max. Serv. 
Temperature 

(C°) 

Thermal 
conductivity 

(W/m.K) 

Electrical 
Resistance 

(Ω.m) 

Durability Machinability 

Quartz (Fused) 1100-1400 1.4-1.5 (3.16-100).1016 Very Good Bad 
Stainless Steel 
(304) 

750-925 14-16 (6.5-7.7).10-7 Very Good Good 

Macor 1000 1.46 1014 Very Good Very Good 
 

3.4.6   Safety Analysis 

We used software Designsafe to aid us for the analysis of our system safety. We listed all possible safety 
issues in different categories, such as mechanical, electrical, fire and explosions, and fluid/pressure. We 
listed their causes and failure modes, and evaluated their severities, exposures and probabilities. We 
found several hazards to be of high risks. These are software errors, hot surfaces, flammable liquid/vapor, 
improperly mixed chemicals, burns/scalds, inadequate heating/cooling, reaction to/with materials, and 
hydraulics rupture. Afterward, we listed the methods for reducing their risk levels and re-evaluate their 
severities, exposures and probabilities. We had over ten pairs of similar hazards analyzed. For the sake of 
conciseness, we recombined them and deleted repeated ones. Two samples shown in Table 2 are about 
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how we analyzed them and what the results are. A full list of hazards, their causes, evaluations, and 
solutions could be seen in Appendix 6. 

Table 2: Part of the Deisgnsafe Safety Analysis 

 
As shown in Table 2, two sample hazards we focused on are improperly mixed chemicals and hydraulics 
rupture. Improperly mixed chemicals are caused by the leftovers of former reagents and insufficient 
cleanings, while hydraulics rupture by a huge impulse pressure rise or bad conjunctions of plumbing. 
Both of them are of high risk levels due to serious severities, occasional exposures and medium 
probabilities. We planned to solve the first possible hazard through several methods. We will research 
more on the properties of our reagents and solutions to avoid all dominant dissolutions. We will prevent 
mixing effects through turbulences, by limiting the maximum flow rate value. We will also lengthen the 
cleaning period if needed. We did the same thing for the latter hazard. More specifically, we will limit the 
pressure in the tubes by using safety valves and a pressure sensor, and by limiting the flow rate. We will 
double check the properties and dimensions of our components before we assemble them, and make sure 
all joints are watertight. After these planned measures, the severities, exposures and probability of both 
these two hazards have been reduced to slight, remote and unlikely. Their risk levels therefore fell down 
to low. Fifty-four hazards have been analyzed in the same way. Almost all of their risks fell down to low 
after their risk reduction measures. It is as shown in Appendix 6. 
 

3.4.7   Environmental Analysis 

Most of our system equipments will be made up of stainless steel, including reaction chamber 
components, electrodes, tubes, radiator, and parts of valves and pumps. So we performed a comparison 
between the impacts on environment of stainless steel and another material, mainly for checking their 
influences on environment. This chosen material is copper, since we have considered it as our base 
material for reaction chamber and electrodes. 

We performed the environmental analysis by Simapro. The mass of the stainless steel parts in our reaction 
chamber is around 0.66 kg. We assumed that the stainless steel contained in other components will be 
twice this value. We therefore set the input value of stainless steel mass to be 2kg. Due to similar density, 
the mass of copper were set 1.9 kg. 

Hazard Cause/Failure Mode Severity Exposure Probability 
Risk 
Level 

Reduce Risk Severity Exposure Probability 
Risk 
Level 

improperly 
mixed 
chemicals 

the chamber is not 
completely cleaned 
out of the previous 
solution 

Serious Occasional Possible High 

make the cleaning 
period longer, use safe 
chemical 
combinations, avoid 
turbulences 

Slight Remote Unlikely Low 

hydraulics 
rupture 

too much water 
pressure, badly 
attached joints 

Serious Occasional Possible High 

use safe pumping 
speed and make sure 
all the joints are 
watertight, add safety 
valves 

Slight Remote Unlikely Low 
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Fig 43: Total Emission of Stainless Steel and Copper 

The chart shown in Fig 43 indicates the total emission of these two materials. Based on these results, we 
concluded that stainless steel has a negligible emission into water compared with copper, while they both 
have high air and waste emissions, and emission as raw material. In general, stainless steel will perform 
better due to less impact on environment. It is also shown Appendix 7 their relative impact in 
disaggregated damage categories, normalized score in human health, eco-toxicity, resource categories, 
and single score comparison. 
 

3.5   Manufacturing Plan and Part Fabrications 

Among all the components that need to be prepared to build our system, we only need to manufacture the 
components from inside the reaction chamber. All the components that that we need to manufacture with 
CAM are made of stainless steel and Macor. Here are the lists of the parts that need to be machined, 
categorized by material: 

A. Stainless Steel 
1. Casing Body 
2. Casing Cap 
3. Output Cap 
4. Electrodes 

 
B. Macor 

1. Quartz Tube Flange 
2. Electrode Mount 
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All of the parts are circular except the electrodes, with the maximum diameter of 2 inches for the stainless 
steel and 1 inch for the Macor parts. From our search for the source of these materials, the minimum 
length available for stainless steel rod is 12 inches, which is more than enough to be used for all of our 
stainless steel parts except the electrodes. For the electrodes, we need to find a steel plate and 
manufacture the part from there. The Macor cylinder rod is available with 3 inches in length and 1 inch in 
diameter, which is enough for all the ceramics parts we use in this system. 
 
All the parts can be machined by using combinations of face milling, ball milling, drilling and lathe. The 
only problem is the material we used for our system is either the extremely strong steel or the brittle 
ceramics. Another problem is that the parts we are going to manufacture are very small while the 
minimum diameter of the mill head in our workshop is 3 mm. We need to mill the Macor pieces with 
extra caution since this material is very brittle. We can try milling these pieces by using mill with carbide 
tools and at a very slow feed rate, such as 10 mm per minute and 1 mm depth per cut. If we mill it too fast, 
it can damage the surrounding materials in the piece. 
 
The quartz tube that we are going to use for the reaction chamber is also brittle. The stock piece that we 
found is 12 inches long and we need to cut it down to our specifications. In order to cut this piece safely, 
we need to use a glass cutting machine. 
 
3.6   Assembly 
 
With all of the components manufactured and ready, the assembly can be done very quickly since the 
process is very simple. First, we need to cement down the quartz tube to the ceramic flange as shown in 
Fig 44. After that, we slide the tube into the steel casing body with the 22 cm diameter o-ring in between, 
and then cement the free end of the quartz tube into the output cap, as shown in Fig 45. 
 

 

 
Fig 44: Assembling the Quartz Tube and the Flange 
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Fig 45: Slide in Quartz Tube into Casing Body and Cement the Free End into Output Cap 

 
Next, we need to attach the substrate onto the electrode and secure its position with a metal clip and then 
attach the cables into the electrodes with M1 screws into the threads available on the electrodes. After we 
are done with the electrodes, we can slide them down into the slots inside the electrode mount as you can 
see in Fig 46.  

 
Fig 46: Attach the Substrate and Cables (Clip and Cables are Not Shown) 

and Slide in the Electrodes into the Mount 
 
We then to slide down the electrodes and the mount into the steel casing body as shown in Fig 47 and 48. 
We can set and rearrange thermocouples and the cables at this point, attaching a simple cable 
management rings or something similar to make the cabling less messy and prevent the cables from 
entangling to each other. After all is done, we can finish the assembly process by sealing the casing with 



37 
 

the o-ring followed by the steel cap as shown in Fig 49. After we finished the assembly, the reaction 
chamber should look like Fig 50. 

 
Fig 47: Sliding in the Electrodes and Mount into the Casing 

 
 
 
 

 
Fig 48: Casing After All the Parts are Inside 
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Fig 49: Finishing the Reaction Chamber Assembly by  

Sealing the Casing with the Cap and O-Ring 
 
 
 
 

  
Fig 50: The Reaction Chamber 
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3.7   Usability Analysis 

The basic energy source for our system is thermal energy. For the reactions of growing two different 
nanostructures on one substrate, we need to control their required power from the heating coil. We also 
need to control the pump and valves for running cleaning and reagent solutions as we switch these 
reactions. We figured out the procedures for these steps. A detailed system concept sketch for assisting 
this analysis is shown in Fig19 (This is the first is the schematic diagram at the beginning of the final 
design section).  

We should get rid of any air inside our plumbing, due to the undesired air bubbles in solution based 
reactions. Therefore, we will firstly pump all these three solutions to fill the tubes before the reaction 
chamber. It will be realized one after one, such as Solution A ՜ Solution B ՜ Cleaning Solution. After 
this step, we will pump the Cleaning Solution to avoid any leftover of Solution A and Solution B until all 
tubes are filled. The first reaction will start after we stop this cleaning, have pumped Solution A inside the 
reaction chamber in the next 5s, and begin to heat it in the following 55s. During this reaction, Solution A 
will be pumped inside in a very low rate, for the sake of changing the reagents near the substrate. 
Cleaning Solution will be pumped again after the fabrication. We then pump Solution B in the same way. 
These two subsequential pumpings are done in 5s each. Solution B will be then heated to its steady state 
temperature in the following 20s. Again we will pump Solution B in a low flow rate for this growth. The 
hybrid nanostructure (of two types) arrays will be therefore fabricated. After this step, we will turn off the 
power supply for the heating coil and run Cleaning Solution again. All these switchings for pumping 
different solution will be turned into realization by two three-way valves. 

We will also plug electroplating energy in for some reactions. Without any changes of these steps 
mentioned above, the voltage for electrodes will be controlled up to its target value as the reaction 
continues.  

3.8   Validation Plan 

We will put on several tests after our prototype has been assembled. These are a safety and response test 
by using colored solution, a test for the fabrication of hybrid nanostructure arrays, and a possible test after 
required revises.  

First, we will test the transient responses of our system by using colored solutions with high boiling 
temperature, such as octacosane. We will test the temperatures where we locate our thermo-couples, to 
give out several Temperature vs Time plots. We will see from these plots the values of system rise time, 
settling time, steady-state error, and precision. Besides, we will check how smooth it is able to run, more 
specifically, examine any leakage, melting of polymer seals, turbulent flow in tubes, and infirm 
assemblies. By labeling three solutions with different colors, we could also see the mixing effect as we 
switch the pumping of two different solutions.  

Secondly, we will fabricate a single nanostructure array to test the overall performance of our system and 
the quality of the resulting nanostructure. We will do the same observation and analysis for the previous 
test and then scan the result of our fabrication. We will assure that our system will have a smaller mixing 
effect while switching, be better assembled, sealed and fixed, have higher accuracy and precision of 
transient responses, have a lower probability of failure, and will be enhanced in other specification after 
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its revision. The scanning of the nanostructure will be done through scanning electron microscope (SEM) 
and transmission electron microscopy (TEM). We will analyze the result and revise our system again if 
the product has defects. 

Thirdly, we will apply our system for the fabrication of hybrid nanostructure arrays. This will be executed 
after we have revised our system from the results of the last test through fabrication of a single 
nanostructure. We will do the same analysis as the previous tests with the fabrication of a single 
nanostructure. 

We need to re-test the safety, responses, and products of our system again. We might perform further 
revises of our design and manufacturing if the system still does poorly in some expected specifications. A 
full list of testing, analysis and revises with their corresponding customer requirements or engineering 
specifications could be seen in Appendix 5. 

3.9   Risks and Countermeasures 

Although we have made sufficient preliminary analysis, our system will still face several risks.  

Our equipments and system control might fail due to various reasons. More specifically, our polymer 
seals might get degraded at a temperature of more than 200 °C. Our electrodes, thermal couples and sonar 
probe might be corroded due to the use of strong acids and other reasons such as oxidations and hydrogen 
corrosions. Moreover, a sudden rise of the pressure inside the reaction chamber might cause its explosion; 
wrong choices of solutions might cause a fire. The system might also response slower than expected. 

We will prevent them through deeper and more detailed preliminary analysis. More specifically, we might 
slightly change our reaction chamber shape from some more COMSOL analysis. We will leave the 
question of maintaining high temperature near the substrate but low at the polymer seals to the freedom of 
changing the size of insulation. We will change once in a while temporary components, such as electrodes 
and polymer seals, for resisting possible failures. Besides, we will plug a pressure sensor and safety 
valves into our system, for the sake of avoiding explosions. Moreover, we will eliminate dangerous 
chemistries for the prevention of fire. We will also try to eliminate control failures by choosing proper 
sensors and actuators, and designing good control logic. 

There also exist several manufacturing and assembly difficulties. Our reaction chamber components have 
dimensions of only several millimeters, while the minimum milling tool and welding precision are 
already 3mm and about 1mm. We solved them by adding fillets and appropriately shaping tubes in our 
CAD model, and will solve any difficulty of assembly by using files and sandpaper. We must also take 
our time to order, fabricate and assemble components due to time limitation. 
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APPENDIX 

Appendix 1   References 
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Appendix 2 Quality Function Diagram 
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Appendix 3   Bill of Materials 
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Appendix 4   Constant Inputs for COMSOL 

 

 

 

 

 

Appendix 5   Validations for Specifications 
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Appendix 6   DesignSafe FMEA Analysis
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Appendix 7   Simapro Charts
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Appendix.8   Schedule
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Appendix.9 Reaction Chamber Clearances 
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Appendex.10 Electrical Schematic 

 


