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Abstract 

New tools are often required to facilitate new discoveries and test new methods.  

Commercial offerings can be prohibitively expensive and difficult to customize.  The 

development of ad-hoc tools provides the most flexibility and provides an opportunity 

to modify and refine a technology.  An embossing system was developed for silk film 

imprinting and stamping in order to facilitate and add versatility to the efforts involving 

micro- and nanoscale device manufacturing in biopolymers.  This system features 

temperature controlled embossing surfaces, adjustable embossing pressures, and 

variable embossing times.  The device can also be fitted with interchangeable 

temperature controlled embossing and stamping tools.  The design, development, 

fabrication, applications, and future improvements are explored for the system.  This 

device may facilitate new discoveries in the realm of biopolymer micro- and 

nanomanufacturing and may provide a path towards high volume production of silk film 

based technologies. 
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Introduction 

In the field of biomedical engineering, there exists a need to develop new tools to 

support novel experiments and discoveries.  This thesis describes one such device that 

was developed to address a specific area of research: development of new materials on 

the nanoscale based on silk biopolymers.  The ability to define the surface features of 

silk biopolymers on the micro- and nanoscale presents unique challenges that can be 

helped by customized tools that allow accurate control over the typical parameter space 

that is generally available in commercial tool dedicated to plastics.  In the course of this 

work, a tool was developed for the rapid imprinting of transparent biopolymer films 

formed from silk biopolymers. 

Silk is a material that has been used for centuries.  It has its roots in Asia where it has 

been employed in the world of textiles.  Silk has been fashioned into countless products 

and designs over many thousands of years.  Originally, silk was cultivated from wild 

silkworms.  In recent history it is possible to cultivate silkworms for mass production of 

woven products.  These products are highly desired because of their special qualities 

like a shimmering appearance, low weight, and strength.  It is the all-water processing 

and the natural origins of silk that have made it a prized biomaterial that combines 

unique toughness and strength along with biocompatibility a fact that has been 

exploited over the past 100 years in the use of silk sutures(1).  In order to go beyond the 

use of the native fibers but to exploit the material properties of the proteins, 

researchers have developed processes for the isolation of the silk proteins out of the silk 

cocoons.  The native fibers can be dissolved and the constituent protein (fibroin) can be 

extracted in the form of an aqueous solution.  This solution can then be fashioned into a 
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multitude of material formats and structures like sponges, gels, blocks, and films.  These 

structures are useful for many applications especially in the world of biomedical 

engineering.   

Silk is a plastic material suitable for biomedical applications.  It has the benefit of being 

both biocompatible and implantable.  Biopolymers made of silk have unique features 

that make them very attractive for micro and nanoscale devices.  Among these features 

are optical clarity and their ability to be formed into a variety of structures including thin 

films.  Such devices could be useful for the production of optical sensors, optical 

waveguides, and tissue engineering scaffolds that embed surface structures on these 

length scales. 

Recently it was shown that it is possible to imprint silk films with patterns on the 

nanoscale thanks to the favorable properties of silk films as a nanoimprintable 

photoresist where nanopatterned silk optics with nanoscale features were created using 

simple nanoimprinting techniques(2, 3).  The technique involves pressing a silk film into 

a rigid stamp.  The stamp and the film are heated which softens the silk by driving its 

crystalline structure close the glass transition temperature and pressure is applied for a 

short time (in the order of seconds to minutes).  The result is a patterned silk film with 

nanoscale features down to 50 nanometers or less (2).  By borrowing from the 

processing technologies available for plastics, silk nanoscale devices can be 

manufactured on a larger scale. 

Given the unsuitability of commercially available nanoimprinters to match the low-

temperature (100-160 deg C) and low pressure requirements (30-50 psi) imposed by silk 

biopolymer films,  simple hot embossing techniques were developed at Tufts University 
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to imprint nanoscale patterns into silk films.  These techniques involved the use of a hot 

plate to control the temperature of a master pattern, placing the silk film on the 

pattern, and applying pressure by hand (2).  This process, although effective, offered 

little control over the pressures that can be generated.  Also, this process does not lend 

itself to the possibility of large scale production of devices.  In order to more accurately 

control the hot embossing parameters, we describe here the development of a 

customized silk film hot embossing system. 

In order to pave the way towards high volume rapid reproduction of imprinted silk films, 

two iterations of embossing tools were developed.  First, a simple device was created 

using a simple office desktop embosser.  A controlled heating surface was fitted onto a 

standard embosser.  The introduction of the integrated heater added another level of 

control and simplicity to the process of nanoimprinting.  This device proved useful for a 

series of experiments, but had some shortcomings.  Since the device was controlled 

manually, with the exception of the temperature control, there was little control over 

embossing pressures and times.  The desktop embosser’s mating surfaces came 

together at an angle which caused samples to move and provided uneven pressure.   A 

simple lever was the mechanism for applying pressure making it very difficult to gage 

the force exerted on each sample. 

A second system was created based on the lessons learned from the first design 

iteration.  The requirements of the system included the following: 

1.  Parallel temperature controlled embossing surfaces, 

2. Controlled embossing forces, and 

3. Controlled embossing durations. 
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The system presented in this document meets all of the above requirements.  The 

completed system is fitted with two large heated surfaces.  The surface temperatures 

are measured using a thermocouple connected to a programmable logic controller 

(PLC).  The PLC monitors the current temperature of each plate and adjusts the heat 

output to achieve the desired set point.  One heated surface is permanently fastened in 

place while the second surface is connected to a pneumatic cylinder piston rod.  A 

pneumatic cylinder and a proportional valve accurately control the forces exerted on 

the silk films during the embossing process.  A simple computer interface is used to 

program the desired parameters into the PLC and control the embossing process.  This 

allows the user to set the desired temperatures of each heated plate, control the 

embossing pressure, and control the duration of the embossing process.  The design of 

the device and the accompanying software is a simple one.  It allows for the 

enhancement of the device via additional hardware and the development of new 

embossing tools.  The software on both the PLC and the computer interface can be 

extended to include new capabilities as they are needed. 

The design and manufacture of the final embossing system required an interdisciplinary 

engineering approach.  A mechanical design was created by utilizing a three dimensional 

CAD software package.  Components were selected and design documentation was 

generated in order to realize a finished product.  All designed hardware was then 

manufactured in a machine shop and then assembled in the lab.  The control system for 

the embosser employs a combination of electrical and pneumatic components.  

Electrical components were selected and connected appropriately to all of the relevant 

system components.  Lastly, a substantial software effort was undertaken to provide the 

necessary control over the system.  Software was developed on the programmable logic 
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controller and the connected personal computer.  The result of all of the above efforts is 

a substantial tool that will aid in the research efforts regarding the use of silk as a 

material for biomedical applications. 
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Silk Film Embossing System 

Embossing is the process of creating an impression of a design or pattern on another 

surface.  Hot embossing is the process of heating a material to reach its glass transition 

temperature (Tg) and applying sufficient pressure to imprint a pattern.  This process 

allows for the rapid replication of features.  A nano-embosser is an embossing device 

capable of imprinting patterns at a small scale.  These machines can replicate many fine 

features but require high temperatures and pressures.  Using silk films, it is possible to 

imprint patterns with features on the nanoscale using low pressures and low 

temperatures.  Rather than spending many thousands of dollars on such a device, a 

simplified version of the tool was developed. 

Nano embossing has become a useful process that offers relatively low cost patterning 

of nano-scale features over large areas.  This technology has applications in the field of 

MEMs, optoelectronics, biomedical devices, and micropackaging (4). 

Creating a low cost reproduction method for silk film devices could facilitate silk’s wide 

acceptance for use in biomedical and photonic applications.  This represents the first 

step towards a high volume production system for silk film patterned devices. 

Motivation 

Silk film embossing has been demonstrated by previous work (2).  It was reported that 

silk films can be used to replicate nanoscale features.  Tests were performed with a hot 

plate that heated a patterned nickel shim.  A transparent silk film was placed on top of 

the heated shim and some pressure was exerted.  This caused the silk film to form to 

the master at a very small scale.  It was desirable to create a system with repeatable 

temperature and pressure profiles.   The evolution of the embossing system happened 
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in two stages.  The first iteration employed a modified desktop embosser and the 

second is a custom device designed and fabricated at Tufts. 

A portable embossing system was developed using a standard desktop embosser and 

some off the shelf industrial automation components.  In the system the smooth 

bottom plate was used as a controlled heated surface.  An Ultra Thin Sheet Heater 

(McMaster-Carr Part Number 35475K12) with an adhesive backing was trimmed to size 

and placed on the top side of the plate.  The heater contains a meandering conductive 

strip sandwiched between thin insulating sheets.  The wire leads required to run the 

heater were terminated with a bayonet style connector.  On the underside of the plate a 

thermocouple is mounted to monitor the temperature.  The thermocouple leads are 

terminated with a thermocouple plug.  Both the heater and thermocouple connect to a 

small control box which houses the necessary control electronics to make any necessary 

temperature adjustments.  Within the enclosure lies an OMRON temperature controller 

and a Solid State Relay to control the output (5).  The controller is capable of running a 

PID control loop and includes an auto tuning features which eliminates any need to 

manually alter the controller’s PID gain settings.  The solid state relay allows the plate to 

be heated at intervals of minutes to milliseconds.  The ability to turn the heater output 

on and off at precise intervals is what allows the heated plate to sustain its temperature 

over a long period of time.  Figure 1 shows this system built and running with a 

controlled temperature of 80 Degrees Celsius.   
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Figure 1: Desktop Embossing System 

The device has been used for several nanoimprinting experiments.  To do so a nickel 

shim master is placed on top of the heated plate.  The temperature is set using the 

buttons on the front panel of the temperature control device.  Once the temperature 

has been keyed in, the metal plate is heated until the set point is reached.  The silk film 

can then be placed on top of the master.  Pressure is applied by pushing down on the 

lever.  Typically, the pressure is applied for a period of five seconds to a minute and 

temperatures range from 50 to 120 degrees Celsius.   

An example of what can be achieved using the portable embosser is shown below in 

Figure 3. 
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Figure 2: Nickel Master 

 

 

Figure 3: Imprinted Silk Film 
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Design 

The portable desktop embosser was quite useful, but an effort was undertaken to 

develop an embossing system that was more flexible, had two heated surfaces instead 

of one, and had an adjustable range of pressures.  The following section details the 

design and development of a semi-automated desktop embossing system. 

Mechanical 

 

Figure 4: 3-D Drawing of Embossing System 
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A drawing of the improved embossing systems is shown in Figure 4.  The system 

employs the use of a pneumatic cylinder as the means to provide the embossing 

pressure.  The cylinder coupled with a proportional valve system allows for controlled 

embossing pressures.   Three 8 inch by 8 inch aluminum plates each with a thickness of 

½ in along with four 16 inch long metal extrusions make up the body of the embosser.  

These components provide a stable platform that holds the cylinder in place and 

provides a cross-member for the embossing.  The bottom plate design is shown in Figure 

5. 

 

Figure 5: Bottom Plate 
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The center plate sits on top of the cylinder to provide additional stability to the device.  

One inch notches have been cut out of each corner to accommodate metal extrusions 

that run up along each corner of the structure.  This design is shown in Figure 6. 

 

Figure 6: Center Plate 

The top plate is similar to the bottom plate in that it has holes to accommodate the 

screws that fasten the extrusion pieces to the rest of the structure.  Instead of a large 

hole for the cylinder, four holes with a counterbore are supplied at the center of the 

plate.  These holes allow for the mounting of the interchangeable heating plates.  The 

plate is attached by fastening it with four M10 screws.  The design of this plate is shown 

in Figure 7. 
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Figure 7: Top Plate 

Two metal plates are used as the embossing surfaces.  Each plate has been machined so 

that two 4 inch long ¼ in diameter cartridge heaters can be inserted.  Each cartridge can 

provide 100W of heat to the metal plate.  These cartridges are connected to a solid 

state relay that is controlled by a programmable logic controller.  Using this controller 

along with an attached thermocouple, the plate temperatures can be regulated.  There 

are two independently controlled plates in the design.  This can be seen in the front 

view of the device in Figure 8.  These plates can be changed in the future if it is 

determined that different plate geometries are needed.  Four screws hold each plate in 

place.  All that must be done is to remove the four screws and replace the plate with 

one that matches the threaded hole pattern. 
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Figure 8: Front View of Embosser 

The system is controlled with an Allen-Bradley Micro830 Programmable Logic 

Controller.  The controller has the capability to handle a number of digital inputs and 

outputs, serial connectivity, and can handle simultaneous PID loops.  The Micro830 also 

has three available slots for plug-in modules.  The capabilities are extended with the use 

of three Plug-in modules.  The first module is the 2080-TC2 module that allows for the 

use of up to two thermocouples.  The second is the 2080-OF2 module that provides two 

channels of analog voltage or current output.  Each output can be configured as a 

voltage or current source.  As a voltage source, the module can supply between 0 and 

10VDC.  As a current source, the module can supply a 4 to 20mA output.  Lastly, the 

2080-IF4 module is used to allow for analog voltages or currents to be measured.  This is 

intended to allow for the inclusion of sensors in a further revision of the system.  The 

system requires an additional power supply provided by Allen-Bradley.  A 24VDC power 

supply is required to provide the necessary power to the control electronics. 

The controller is programmed using the manufacturer’s Connected Components 

Workbench software.  The software development environment allows the developer to 

create a standalone product utilizing ladder logic, structured text, or functional block 
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diagrams.  The program for the embosser uses a combination of structured text, 

functional block diagrams, and ladder logic modules (6-8).   

 

Figure 9: Allen-Bradley Family of PLCs (9) 

To control the two heated plates, an output of the controller is connected to a solid 

state relay.  The solid state relay output is connected to a 120VAC supply and two 100W 

cartridge heaters.  Each heater has its own receptacle drilled into the back of the metal 

embossing surface.  A solid state relay allows the controller to pulse the output at 

almost any interval to accurately control the heat applied to each plate.  A connected 

thermocouple provides the feedback necessary for the temperature control loop.  Each 

heated plate in the design has its own thermocouple, solid state relay, and associated 

cartridge heaters.     A drawing of the heated plate is shown below in Figure 10.  A 

thermocouple bayonet adapter is threaded into the center hole.  The hole extends half 

way into the plate to read the current temperature at the plate’s center.  Two 4 inch 

deep holes have been drilled on each side of the thermocouple to provide a place for 

the cartridge heaters.  The cartridge heaters are each 4 inches long and have a nominal 
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diameter of ¼in.  At the end of each heater are two leads which must be connected to 

an appropriate power source.  In this design both heaters are connected in parallel so 

that both heaters will energize when the PLC commands the solid state relay to provide 

power.  A view of the back side of the design is shown in Figure 11. 

 

Figure 10: Heated Plate Design 

 

Figure 11: Heated Plate - Back 

A pneumatic cylinder has been chosen as the method for applying pressure between the 

two plates.  One plate is stationary and is fastened to the top crossbar of the embosser.  

The other plate is fastened to the end of the piston of the pneumatic cylinder.  Control 

of the cylinder is achieved by the use of a proportional valve.  The valve selected for this 
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task is the Festo VPPM-6L-L-1-G18-0L6H-V1N.  The proportional valve requires a inlet 

pressure of 6 to 8 bar.  This allows the valve to regulate an output pressure of 0 to 6 bar.  

The device can accurately control the output pressure when given a proper signal from 

an attached controller.  A suitable air supply of 6 bar or more is connected to the inlet 

port of the proportional valve.  The outlet port is connected to one of the ports of the 

pneumatic cylinder.  The pneumatic cylinder is equipped with two ports.  Supplying air 

into one of the ports will push the piston outward while supplying air into the other port 

would cause the piston to retract.  In this design, the piston will be forced out and the 

pressure will be maintained by the proportional valve component.  The analog output 

module of the Micro830 PLC provides the necessary voltage signal to control the 

proportional valve.  Any necessary scaling of the output pressure is performed by the 

valve system electronics.   

Electrical and Software 

This project required both hardware and software design.  The software design was 

done in two parts.  Programming had to be done within the PLC control system and an 

additional software interface had to be programmed so that a user could set all the 

necessary embossing parameters. 

 

Figure 12: Embosser Control Software 

In order to program the Allen-Bradley PLC system, a free software development package 

was used.  Connected Components Workbench (CCW) from Rockwell automation serves 
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as the software development suite for the entire family of Allen-Bradley Micro800 series 

of controllers. 

A series of tasks must be performed by the PLC.  Among them are the management of 

two temperature control loops, commanding a scaled voltage to drive the proportional 

valve and cylinder, and the handling of both incoming and outgoing serial 

communications. 

The management of the temperature controls is done in software by monitoring the 

current temperature using a thermocouple and adjusting the amount of heat.  As the 

plate heats up and approaches the target temperature, the PLC starts pulsing the heater 

output.  The duty cycle of this pulsing goes from 90% down to zero.  A simple on/off 

control for heating would cause very large overshoot of the target temperature.  In a 

future iteration there could be an addition of a PID control loop.  The PID control loop 

proved difficult to tune and it was decided to implement a simpler control scheme.  The 

rung of the ladder diagram for temperature control is shown in Figure 13. 
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Figure 13: Temperature Control Rungs 

The PLC stores a value for each thermocouple reading.  The value location depends on 

the module’s physical position on the PLC.  In this design the module has been placed in 

the first physical location.  Within the programming environment, the programmer must 

identify the existence and location of each module.  A screenshot of this process is 

shown in Figure 15.  By selecting the TC2 module in the first slot, the user has the option 

to change the type of thermocouple used.  A configuration panel appears below the 

picture of the device.  The design uses J Type thermocouples and a scan frequency of 

16.7Hz for each channel.  With the two channels configured, it’s now possible to read 

the temperature of each thermocouple.   
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Figure 14: TC2 Module Selection 

 

Figure 15: Configuration of TC2 module 

Thermocouple measurements are performed periodically by the PLC.  The programmer 

only needs to retrieve the value from the appropriate location and do some necessary 

math to obtain a useable value.  The thermocouple reading is stored in a two byte 

register as an unsigned number.  This number will range from 0 to 65535 and is found by 

accessing the variable _IO_P1_AI_00 for channel 0 and _IO_P1_AI_01 for channel 1.  To 
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convert the value to degrees Celsius, 2700 must be subtracted and that result must be 

divided by 10.  An example follows: 

_IO_P1_AI_00 = 2991 

Degrees C = (_IO_P1_AI_00 – 2700)/10 

(2991 – 2700)/10 = 29.1 Degrees C 

Channel 1 is read in the same manner.   

In order to command the proportional valve, a voltage of 0 to 10V must be supplied.  

This is done using the 2080-OF2 module.  First, the module must be configured within 

the CCW development environment.  The design uses one analog output channel.  By 

selecting the 2080-OF2 module in the second location, a menu will appear at below the 

picture of the controller.  Each channel can be configured as a voltage or current output.  

In this design, channel 0 will be configured as a voltage output and channel 1 will be 

disabled.  This configuration is shown in Figure 17. 
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Figure 16: OF2 module selection 

 

Figure 17: Configuration of 2080-OF2 module 

To command a voltage at the terminals of the analog output module, an unsigned 16 bit 

number must be written to the proper location.  With an analog module in the second 

module location, channel 0 will be addressed using the system variable _IO_P2_AO_00.  

A number ranging from 0 to 65535 is written to the system variable.  In this case writing 

a 0 to the variable will provide a 0V output and writing 65535 will provide a 10V output.   
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The following example demonstrates how to command a voltage of 3.0V using the 

analog voltage output of the PLC. 

3V/10V * 65535 = 19661 

Writing the value of 19661 to the system variable _IO_P2_AO_00 will produce a 3.0V 

output. 

The analog output module commands the proportional valve.  The user interface on the 

PC must first send a control message to the PLC to communicate the scale of the output 

and the duration.  The whole embossing sequence has been programmed as a single 

rung in a ladder diagram.  The sequence is shown in Figure 18.

 

 

Figure 18: Embossing Ladder Rung 

When an Emboss flag is set within the PLC software, it initiates the Embossing process.  

First a preprogrammed 4% output control voltage is sent to the proportional valve for a 

period of 1 second.  This allows the pneumatic cylinder to rise slowly before rising to 

higher pressures.  By using the SCALER function block, a 4.0% output can be scaled to an 

integer to command the valve.  The value is converted from a real type to an integer 
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using an ANY_TO_UINT function block.  The output of this block writes a value to the 

register commanding the voltage output.  Then the TON function block is used to delay 

for 1 second before the pneumatic cylinder is commanded to a higher pressure.  The 

sequence is the same, the pressure is scaled for the output module and a delay timer is 

engaged for the specified number of seconds.  After the programmed time has elapsed, 

the pneumatic valve is commanded to a 0% (0V) output.  This causes the piston to drop 

under its own weight.  The Emboss flag is then reset so that the process can be 

performed again.   

There is an additional module installed in the third location.  An analog input module is 

not currently used, but could provide the necessary interface for any analog sensors.   

Onboard digital outputs are used to control the solid state relays in the design.  There is 

no need for additional modules for standard I/O.  The unit provides 14 input channels 

and 10 output channels. 

An on-board serial port is used to communicate with a host computer.  The Micro830 

has its own dedicated serial port, but a proprietary connector must be used to connect 

to a standard 9 pin serial computer connection.  Depending on the type of host 

computer that is used, a USB to serial converter might be required.  Serial ports have 

been configured to run at 19200bps.  In order to configure the serial port on the PLC, it 

must be selected in CCW and configured.  Figure 19 illustrates the configuration of the 

onboard serial port for the embossing system. 
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Figure 19: Configuration of onboard serial port 

Serial messages are sent from the host computer to the PLC to configure the necessary 

temperature set point for the top and bottom plates, proportional valve control, and 

embossing timing.  The PLC sends periodic messages to report each plate’s current 

temperature throughout the process.  This information is captured and parsed by the PC 

and displayed to the user. 

A communication protocol was developed to communicate between the host program 

and the software running on the PLC.  Communication was achieved by using the serial 

port object within Visual Studio (10, 11) 

Messages initiated from the PC application have the following form: 

$UTEMP40LTEMP40PRESS65TIME30EMBOSSNOHALTNO#?? 

Carriage return and linefeed characters are appended to each message.  Messages are 

trapped between two delimiters $ and #.  A short word identifies each field of the 

message.  The above message would command both the upper and lower plate 
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temperatures to be set at 40 degrees Celsius.  The proportional valve would be set at 

65% of its maximum.  Embossing time will be set at 30 seconds.  The value following the 

EMBOSS field reads NO, which indicates embossing will not start.  Also, the NO following 

the HALT field indicates that the embossing does not need to be interrupted.   

The same above command can be used to initiate the embossing process with one 

change.  

$UTEMP40LTEMP40PRESS65TIME30EMBOSSYESHALTNO#?? 

Although it may seem wasteful to send the entire message each time, the overhead is 

quite low and allows for a simpler parsing routine on the PLC.  Attached to each 

message is a checksum.  This is denoted by the two question marks following the control 

message.  This checksum is generated by the PC side software and checked on the PLC 

side.  Using a checksum to validate the message ensures that commands are not 

compromised.  The checksum is an exclusive or of each character in the command 

starting with the ‘$’ character and ending with the ‘#’ character.  If an improperly 

formatted message is detected on the PLC, no action will be taken.  Future 

enhancements to the system could include additional commands for other controls 

tasks.  A table of valid commands is listed in Table 1.   

Table 1: Valid Control Messages 

Field Valid Values 

UTEMP 0 to 200 

LTEMP 0 to 200 

PRESS 0 to 100 

TIME 1 to 300 

EMBOSS YES or NO 

HALT YES or NO 

 
A function block diagram was created to validate the checksum and parse the message 

coming from the PC.  The function block is shown in Figure 20. 



27 
 

 

Figure 20: Parse_Incoming_MSG Function Block 

The function block has only one input.  The InString variable captures a properly 

terminated control string from the serial port buffer.  It then validates the message’s 

checksum and parses the control message.  Parameters from the message are then 

transferred to the proper variables.   The code for this function block is Appendix A. 

The code begins by locating the ‘#’ character which denotes the end of the message.  It 

then calculates a checksum by using an exclusive or for all the characters including the 

‘#’ character.  A comparison is made to see if the message checksum matches the 

calculated checksum.  If the checksum is correct, the message is parsed and the output 

variables are populated.  If there is a problem with the checksum, no action will be 

taken.  This ensures that malformed messages do not adversely affect the machine. 

A status message is sent periodically from the PLC communicating the current 

temperature of the plates.  An example message is shown below. 
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$UT43LT37#?? 

This indicates that the upper heated plate currently reads a temperature of 43 degrees 

Celsius and the lower plate reads a temperature of 37 degrees Celsius.  Again, this 

message is trapped between the two delimiters $ and #.  This message is read by the 

computer and parsed to inform the user of current temperatures. 

Field Valid Values 

UT 0 to 200 

LT 0 to 200 

 

The function block for this is shown in Figure 21.  Both TC_IN1 and TC_IN2 are inputs to 

thermocouples.  These inputs are read and scaled within the function block code.  The 

outputs are NumChars and Output_String.  NumChars is the number of characters 

present in the Output_String and Output_String is the series of characters generated by 

the function block code. 

 

Figure 21: Report_Temp Function Block 

The Report_Temp code is listed in Appendix B.  Both thermocouple inputs are read and 

scaled.  A string of characters is created using the format explained previously.  Once 

the string is complete an exclusive or checksum is generated and appended to the string 
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of characters.  Finally, the number of characters in the string is calculated and the final 

string is generated. 

A computer interface was created using Microsoft Visual Studio.  Once the user is 

connected to the PLC via a serial communications link, the current temperature is 

reported by the interface.  Then the user may make temperature adjustments, pressure 

adjustments, and change the embossing time.  The user interface is show in Figure 22. 

 

Figure 22: Embosser User Interface 

 

The software immediately shows the current temperature of both heated plates upon 

successful connection to the device.  The user can then use the sliding controls to set 

the desired temperature of each heated surface.  Similarly, the valve output pressure 

can be adjusted from 1 to 100% of its maximum output.  Finally, the embossing time can 
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be selected.  The embossing time can be changed from 1 second to five minutes.  

Clicking the “Update Control Settings” button of the interface sends a string of 

characters to the PLC with the desired parameters.  Upon receiving the command, the 

PLC will adjust its heating system to meet the set points for each heated surface.  It also 

stores the settings for the proportional valve and the embossing duration.  After the 

settings have been sent to the PLC, clicking on the “Emboss” button sends a string of 

characters that instructs the PLC to engage the pneumatic cylinder.  The piston then 

rises for the programmed amount of time.  Before each embossing attempt, the 

parameters must be sent using the “Update Control Settings” button.  The code listing 

for the above software is included in Appendix E.   

Fabrication 

All parts were procured and machining was performed by the Tufts University machine 

shop.  Final assembly and testing was completed by the author.  The system was simple 

to build given its overall simplicity and low part count.  The assembly process took 

approximately 30 minutes.  A photo of the completed embosser is shown in Figure 23.  

The completed embosser and the controls are shown in Figure 24. 
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Figure 23: Front View of Completed Embosser 
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Figure 24: Embosser and Controls during software development 

Tools and Applications 

Silk Based Batteries 

The embosser has been used in early experiments regarding the fabrication of silk based 

batteries.  An embossing temperature of 100 degrees Celsius, an embossing time of 90 

seconds, and maximum pressure was used.  For an initial experiment the following 

arrangement was employed: Aluminum-silver battery as an initial model system: silk, 

aluminum foil (anode), potassium nitrate in silk (salt bridge), silver nitrate in silk 

(cathode), aluminum foil (charge collector), and silk.  The result is a silk sandwich with 

two exposed leads.  Voltage was measured at the terminals as shown in Figure 25. 
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Figure 25: Silk Battery 

Cutting Tools 

A cutting tool insert was created to cut silk films into uniform strips.  The design involves 

a tool holder device that can accommodate a series of interchangeable tools.  Different 

types of cutting patterns can be created by altering the cutting tool insert.  The insert is 

secured by the use of a series of 4 pins locking pins.  A three-dimensional rendering of 

the device is show in Figure 26.  A photo of the completed assembly is show in Figure 27 

and a detailed drawing of the tool holder is included in Appendix F. 
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The tool holder is mounted to the top plate of the embosser and a cutting tool is 

inserted and secured with the four locking pins.  A piece of silk with PDMS underneath is 

placed on the moveable plate.  The user can select the desired pressure exerted using 

the computer interface.  When the user is ready to cut, the “Emboss” button is pressed 

and the silk film is lifted into the cutting blades.  The result is a series of uniform silk film 

strips. 

 

Figure 26: Cutting Tool Assembly 

 

Figure 27: Fabricated Cutting Tool Assembly 
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Heated Press 

A small heated press was developed to provide high pressure over a 20mm circle.  Two 

pieces were developed which would become the mating components.  Each piece 

houses heating elements and a thermocouple to interface the PLC control system.  A 

small volume of material can be deposited in the reservoir at the bottom.  This piece will 

rise up into the protruding disc and the material will be compressed for the time 

programmed into the embosser’s computer interface.  A photo of these tools are shown 

in Figure 28 and detailed drawings are provided in Appendix F. 

 

Figure 28: Tools for Heated Press 
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Future Work 

The embosser will evolve over time as new applications reveal themselves.  A future 

iteration of the project could include the following enhancements: 

1.  Refined computer software interface, 

2. Improved PID control of heated surfaces, 

3. Introduction of cooling to the temperature controlled surfaces, and 

4. Improved isolation of heated surfaces from non-heated surfaces. 

The current software interface allows the user to control the temperature of each 

heated surface, control the embossing pressure and control the embossing duration.  

These parameters are adjusted in increments of one.  A new revision of the software 

could include 0.1 increments in temperature and pressure control.  The software could 

also include some data logging capabilities to record embossing pressures, 

temperatures, and times when embossing a large set of samples.  Also, it would be 

useful to include a timer that will inform the user how much embossing time is left.  This 

would be especially helpful during long embossing durations. 

The current temperature control system could be improved by the use of a Proportional 

Integral Derivative control loop.  Allen-Bradley includes such functionality in the 

Micro830 series PLCs, but tuning the system proved to be difficult.  With some more 

time devoted to tuning the temperature control loops, a more robust system could be 

realized. 

The embosser plates are separated from other embossing hardware by use of a quarter 

inch thick ceramic insulator.  Screws fasten the embossing plates to other metal 

hardware.  The result is that some heat is lost through the metal screws to other metal 
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surfaces.  Better isolation of the heated surfaces from other thermally conductive parts 

of the system could improve its overall performance.  Also, the embosser is only capable 

of heating the plates.  A major improvement would be to introduce the ability to cool 

these plates as needed and be able to control the temperature profile over time.  To do 

this would require a major redesign of the embossing plates and require additional 

electrical and software controls. 

Conclusion 

The silk film embosser was developed to provide consistent pressure, embossing 

duration and temperatures.  The earliest embosser design was used to imprint patterns 

on the nanoscale and provide an improvement over processing the materials by hand.  

The current embosser improves on first iteration by providing better control over 

process parameters.   

A series of requirements were generated, a system was developed, built, and tested.  

The completion of the project required an interdisciplinary engineering effort that 

included mechanical, electrical, and software components.  The project today serves as 

a useful research tool.  The system can be altered to include new tools and capabilities.  

The PLC software can be improved and expanded and the computer interface can be 

enhanced.  A great deal of experience was gleaned from the use of a PLC and associated 

industrial control components.  This experience will allow the group to develop more 

sophisticated machines for experimentation in the months and years ahead.  It is the 

hope of the author that these devices find utility in the lab for many years and that 

these tools will facilitate new discoveries.  
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Appendix A 

checksum := 0; 

 

NumChars :=FIND(InString, '#'); 

 

FORIndex :=0TONumCharsBY1DO 

  checksum := XOR_MASK(checksum, 

ANY_TO_DINT(ASCII(InString,Index))); 

END_FOR; 

 

IF checksum = ANY_TO_DINT(MID(InString,FIND(InString, '$R')-

(FIND(InString, '#')+1),(NumChars+1))) THEN 

 

checksumOK := TRUE; 

 

UpperTempSet := ANY_TO_DINT(MID(InString,FIND(InString, 'LTEMP')-

(FIND(InString, '$$UTEMP')+5),FIND(InString, '$$UTEMP')+ 6)); 

LowerTempSet := ANY_TO_DINT(MID(InString,FIND(InString, 'PRESS')-

(FIND(InString, 'LTEMP')+4),FIND(InString, 'LTEMP')+ 5)); 

PressSet := ANY_TO_REAL(MID(InString,FIND(InString, 'TIME')-

(FIND(InString, 'PRESS')+4),FIND(InString, 'PRESS')+ 5)); 

TimeSet := ANY_TO_TIME(ANY_TO_UINT((MID(InString,FIND(InString, 

'EMBOSS')-(FIND(InString, 'TIME')+3),FIND(InString, 'TIME')+ 4))) 

* 1000); 

 

IFFIND(MID(InString,FIND(InString, 'HALT')-(FIND(InString, 

'EMBOSS')+5),FIND(InString, 'EMBOSS')+ 6), 'YES') >0THEN 

 Emboss :=TRUE; 

ELSE 

 Emboss :=False; 

END_IF; 

 

IFFIND(MID(InString,FIND(InString, '#')-(FIND(InString, 

'HALT')+3),FIND(InString, 'HALT')+ 4), 'YES') >0THEN 

 Halt :=TRUE; 

ELSE 

 Halt :=False; 

END_IF; 

 

ELSE 

 checksumOK := FALSE; 

  

END_IF; 
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Appendix B 

checksum := 0; 

 

 

 

IF ((TC_IN1 = 0) OR (TC_IN2 = 0)) THEN 

 Temp_Output_String := 'ERROR'; 

 Temp_Output_String := INSERT(Temp_Output_String,'$$UT',1); 

 Temp_Output_String := INSERT(Temp_Output_String, 'LT', 

MLEN(Temp_Output_String)+1); 

 Temp_Output_String := 

INSERT(Temp_Output_String,'ERROR',MLEN(Temp_Output_String)+1); 

 Temp_Output_String := INSERT(Temp_Output_String, '#', 

MLEN(Temp_Output_String)+1); 

 NumChars := ANY_TO_DINT(MLEN(Temp_Output_String)); 

  

 

ELSE 

 Current_Temp_1 := (TC_IN1 - 2700)/10; 

 Current_Temp_2 := (TC_IN2 - 2700)/10; 

 Temp_Output_String := ANY_TO_STRING(Current_Temp_1); 

 Temp_Output_String := INSERT(Temp_Output_String,'$$UT',1); 

 Temp_Output_String := INSERT(Temp_Output_String, 'LT', 

MLEN(Temp_Output_String)+1); 

 Temp_Output_String := 

INSERT(Temp_Output_String,ANY_TO_STRING(Current_Temp_2),MLEN(Temp

_Output_String)+1); 

 Temp_Output_String := INSERT(Temp_Output_String, '#', 

MLEN(Temp_Output_String)+1); 

 NumChars := ANY_TO_DINT(MLEN(Temp_Output_String)); 

 

  

END_IF; 

 

FOR Index := 0 TO NumChars BY 1 DO 

  checksum := XOR_MASK(checksum, 

ANY_TO_DINT(ASCII(Temp_Output_String,Index))); 

END_FOR; 

 

Temp_Output_String := INSERT(Temp_Output_String, 

ANY_TO_STRING(checksum), MLEN(Temp_Output_String)+1); 

NumChars := ANY_TO_DINT(MLEN(Temp_Output_String)); 

OutputString := Temp_Output_String; 

  



41 
 

Appendix C 

IF ((TC_IN < 65535) AND TC_IN > 0) THEN 

 

 CurrentTemperature := (ANY_TO_REAL(TC_IN) - 2700.0)/ 10.0; 

 

 

 IF (CurrentTemperature < (ANY_TO_REAL(TEMPSET) - 10.0)) 

THEN 

 Heat := 100.0; 

 ELSIF (CurrentTemperature < (ANY_TO_REAL(TEMPSET) - 9.0)) 

THEN 

  Heat := 90.0; 

 ELSIF (CurrentTemperature < (ANY_TO_REAL(TEMPSET) - 8.0)) 

THEN 

  Heat := 80.0; 

 ELSIF (CurrentTemperature < (ANY_TO_REAL(TEMPSET) - 7.0)) 

THEN 

  Heat := 70.0; 

 ELSIF (CurrentTemperature < (ANY_TO_REAL(TEMPSET) - 6.0)) 

THEN 

  Heat := 60.0; 

 ELSIF (CurrentTemperature < (ANY_TO_REAL(TEMPSET) - 5.0)) 

THEN 

  Heat := 50.0; 

 ELSIF (CurrentTemperature < (ANY_TO_REAL(TEMPSET) - 4.0)) 

THEN 

  Heat := 40.0; 

 ELSIF (CurrentTemperature < (ANY_TO_REAL(TEMPSET) - 3.0)) 

THEN 

  Heat := 30.0; 

 ELSIF (CurrentTemperature < (ANY_TO_REAL(TEMPSET) - 2.0)) 

THEN 

  Heat := 25.0; 

 ELSIF (CurrentTemperature < (ANY_TO_REAL(TEMPSET) - 1.0)) 

THEN 

  Heat := 20.0; 

 ELSE 
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Appendix D 

 

IF ( FBEN = TRUE) THEN 

 FBENO:= TRUE; 

 O_Scale:=(i_process - i_min)/(i_max-i_min); 

 i_timeValue := ANY_TO_REAL(i_time); 

 O_timeValue := i_timeValue * O_Scale; 

 O_Time := ANY_TO_TIME(O_timeValue);   

ELSE 

 FBENO:= FALSE; 

END_IF; 
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Appendix E 

Public Class Form1 
 
    Private Sub Form1_Load(sender As Object, e As EventArgs) Handles 
MyBase.Load 
        Dim Portnames As String() = System.IO.Ports.SerialPort.GetPortNames 
        If Portnames Is Nothing Then 
            MsgBox("There are no Com Ports detected!") 
            Me.Close() 
        End If 
        cboComPort.Items.AddRange(Portnames) 
        cboComPort.Text = Portnames(0) 
 
        TextBoxLowerPlateSetPoint.Text = TrackBarLowerPlateTemp.Value & 
Chr(176) & "C" 
        TextBoxUpperPlateSetPoint.Text = TrackBarUpperPlateTemp.Value & 
Chr(176) & "C" 
        TextBoxValvePercentage.Text = TrackBarValvePercentage.Value & 
Chr(37) 
        TextBoxEmbossTime.Text = TrackBarEmbossTime.Value & "s" 
 
        ButtonEmboss.Enabled = False 
        ButtonUpdateTemp.Enabled = False 
        ButtonResetSettings.Enabled = False 
 
 
    End Sub 
 
    Private Sub TrackBarLowerPlateTemp_ValueChanged(sender As Object, e As 
EventArgs) Handles TrackBarLowerPlateTemp.ValueChanged 
        TextBoxLowerPlateSetPoint.Text = TrackBarLowerPlateTemp.Value & 
Chr(176) & "C" 
 
    End Sub 
 
    Private Sub TrackBarUpperPlateTemp_ValueChanged(sender As Object, e As 
EventArgs) Handles TrackBarUpperPlateTemp.ValueChanged 
        TextBoxUpperPlateSetPoint.Text = TrackBarUpperPlateTemp.Value & 
Chr(176) & "C" 
    End Sub 
 
    Private Sub ButtonConnect_Click(sender As Object, e As EventArgs) 
Handles ButtonConnect.Click 
 
        With SerialPort1 
 
            .PortName = cboComPort.Text 
            .BaudRate = 19200 
            .Parity = IO.Ports.Parity.None 
            .DataBits = 8 
            .StopBits = IO.Ports.StopBits.One 
            .Handshake = IO.Ports.Handshake.None 
            .RtsEnable = False 
            .ReceivedBytesThreshold = 1 
            .NewLine = vbCrLf 
            .ReadTimeout = 50 
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        End With 
 
        ' check whether device is available: 
        Try 
            SerialPort1.Open() 
            ButtonConnect.Enabled = False 
            ButtonUpdateTemp.Enabled = True 
            cboComPort.Enabled = False 
            Timer1.Interval = 250 
            Timer1.Enabled = True 
        Catch ex As Exception 
            MsgBox("Error Open: " & ex.Message) 
        End Try 
 
 
    End Sub 
 
    Private Sub TrackBarValvePercentage_ValueChanged(sender As Object, e As 
EventArgs) Handles TrackBarValvePercentage.ValueChanged 
        TextBoxValvePercentage.Text = TrackBarValvePercentage.Value & 
Chr(37) 
    End Sub 
 
 
    Private Sub ButtonUpdateTemp_Click(sender As Object, e As EventArgs) 
Handles ButtonUpdateTemp.Click 
        Dim checksum As Integer = 0 
        Dim TemperatureControlMessage As String 
        If SerialPort1.IsOpen Then 
            TemperatureControlMessage = "$UTEMP" & 
TrackBarUpperPlateTemp.Value & "LTEMP" & TrackBarLowerPlateTemp.Value _ 
            & "PRESS" & TrackBarValvePercentage.Value & "TIME" & 
TrackBarEmbossTime.Value & "EMBOSS" & "NO" & "HALT" & "NO" & "#" 
 
 
            For Each Character As Char In TemperatureControlMessage 
                checksum = checksum Xor Convert.ToInt32(Character) 
            Next 
 
            TemperatureControlMessage = TemperatureControlMessage & 
checksum.ToString() 
 
 
 
            SerialPort1.WriteLine(TemperatureControlMessage) 
 
            TrackBarUpperPlateTemp.Enabled = False 
            TrackBarLowerPlateTemp.Enabled = False 
            TrackBarValvePercentage.Enabled = False 
            TrackBarEmbossTime.Enabled = False 
            ButtonUpdateTemp.Enabled = False 
            ButtonResetSettings.Enabled = True 
            ButtonEmboss.Enabled = True 
 
 
        End If 
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    End Sub 
 
    Private Sub ButtonEmboss_Click(sender As Object, e As EventArgs) 
Handles ButtonEmboss.Click 
        Dim checksum As Integer = 0 
        Dim EmbossControlMessage As String 
        ButtonResetSettings.Enabled = False 
 
        If SerialPort1.IsOpen Then 
            EmbossControlMessage = "$UTEMP" & TrackBarUpperPlateTemp.Value 
& "LTEMP" & TrackBarLowerPlateTemp.Value _ 
            & "PRESS" & TrackBarValvePercentage.Value & "TIME" & 
TrackBarEmbossTime.Value & "EMBOSS" & "YES" & "HALT" & "NO" & "#" 
 
            For Each Character As Char In EmbossControlMessage 
                checksum = checksum Xor Convert.ToInt32(Character) 
            Next 
 
            EmbossControlMessage = EmbossControlMessage & 
checksum.ToString() 
 
            SerialPort1.WriteLine(EmbossControlMessage) 
            ButtonEmboss.Enabled = False 
            Timer2.Interval = TrackBarEmbossTime.Value * 1000 
            Timer2.Enabled = True 
 
        End If 
    End Sub 
 
    Private Sub TrackBarEmbossTime_ValueChanged(sender As Object, e As 
EventArgs) Handles TrackBarEmbossTime.ValueChanged 
        TextBoxEmbossTime.Text = TrackBarEmbossTime.Value & "s" 
    End Sub 
 
    Private Sub Timer1_Tick(sender As Object, e As EventArgs) Handles 
Timer1.Tick 
        Dim StatusMessage As String 
        Dim calc_checksum As Integer = 0 
        Dim recv_checksum As Byte = 0 
 
        Try 
            StatusMessage = SerialPort1.ReadLine 
            SerialPort1.DiscardInBuffer() 
            TextBoxStatusMessage.Text = StatusMessage 
 
            For index As Integer = 0 To (Strings.Len(StatusMessage) - 
(Strings.Len(StatusMessage) - Strings.InStr(StatusMessage, "#")) - 1) 
                calc_checksum = calc_checksum Xor 
Convert.ToInt32(StatusMessage(index)) 
            Next 
 
            TextBoxStatusMessage.Text = StatusMessage & " " & 
calc_checksum.ToString() 
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            TextBoxUpperCurrentTemp.Text = Strings.Mid(StatusMessage, 
Strings.InStr(StatusMessage, "$UT") + 3, (Strings.InStr(StatusMessage, 
"LT") - Strings.InStr(StatusMessage, "$UT")) - 3) & Chr(176) & "C" 
            TextBoxLowerCurrentTemp.Text = Strings.Mid(StatusMessage, 
Strings.InStr(StatusMessage, "LT") + 2, (Strings.InStr(StatusMessage, "#") 
- Strings.InStr(StatusMessage, "LT")) - 2) & Chr(176) & "C" 
 
        Catch ex As Exception 
 
        End Try 
 
    End Sub 
 
    Private Sub ButtonHalt_Click(sender As Object, e As EventArgs) Handles 
ButtonHalt.Click 
        Dim checksum As Integer = 0 
        Dim HaltControlMessage As String 
        If SerialPort1.IsOpen Then 
            HaltControlMessage = "$UTEMP" & TrackBarUpperPlateTemp.Value & 
"LTEMP" & TrackBarLowerPlateTemp.Value _ 
            & "PRESS" & TrackBarValvePercentage.Value & "TIME" & 
TrackBarEmbossTime.Value & "EMBOSS" & "NO" & "HALT" & "YES" & "#" 
            SerialPort1.WriteLine(HaltControlMessage) 
            ButtonEmboss.Enabled = False 
 
            For Each Character As Char In HaltControlMessage 
                checksum = checksum Xor Convert.ToInt32(Character) 
            Next 
 
            HaltControlMessage = HaltControlMessage & checksum.ToString() 
 
 
 
            SerialPort1.WriteLine(HaltControlMessage) 
 
        End If 
    End Sub 
 
    Private Sub Button1_Click(sender As Object, e As EventArgs) Handles 
ButtonResetSettings.Click 
        ButtonUpdateTemp.Enabled = True 
        TrackBarUpperPlateTemp.Enabled = True 
        TrackBarLowerPlateTemp.Enabled = True 
        TrackBarValvePercentage.Enabled = True 
        TrackBarEmbossTime.Enabled = True 
    End Sub 
 
    Private Sub Timer2_Tick(sender As Object, e As EventArgs) Handles 
Timer2.Tick 
        Timer2.Enabled = False 
        ButtonEmboss.Enabled = True 
        ButtonResetSettings.Enabled = True 
 
    End Sub 
 
 
End Class 
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