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Abstract 

This semester, the team set out to design a physiologic metronome which made use of a 
tactile stimulus instead of an audible tone. Currently, there is no effective device on the market 
which functions in this way. The motivation for this design came from one of our clients, 
Vanessa Young, who is a graduate student and harp player at Carnegie Mellon. She requested 
that the team design a metronome device which was portable, accurate, reliable, and made use of 
an inaudible tactile mechanism. The team had to function within a budget constraint of $100. Of 
primary concern in designing the device were user comfort, adjustability, and safety. Once the 
design process had begun, several design alternatives had to be considered in regards to the 
electronic circuit, device casing, mode of tactile stimulus, location of tactile stimulus, mode of 
attachment to the body, and user interface. In the end, the team was able to construct a device 
which was composed of a modified 555 timer circuit, a plastic casing, a linear push-type 
solenoid as the source of the tactile stimulus, an ear attachment for the solenoid, and a knob/tick-
mark scheme for the user interface.  
 
Problem Statement 

 The purpose of this design project is to develop a metronome device which will maintain 
a constant, adjustable tempo for the practicing musician. A key feature that the client requires is 
that the device’s tempo-maintaining mechanism be inaudible. Such a feature allows the musician 
to practice and improve musical performance using a more intuitive approach—one that 
facilitates internalization of the tempo. 
 
Background Information 

Metronomes are defined as any device that provides a regular beat [1]. In most cases, 
metronomes are used to provide timing or rhythm to musicians. Metronomes use visual, 
auditory, and tactile stimuli to provide the musician a set tempo. 

Classically, metronomes have used a mechanical mechanism to provide the timing or 
beat to the musician. The type of mechanical metronome that we are familiar with today was 
patented in 1816 by Johann Malzel [1]. This type of metronome uses an inverted double 
pendulum with a sliding weight so as to adjust the tempo. See the figure below. 
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Today, electronic metronomes are the most popular. These metronomes use an electronic 
circuit to provide a varying tempo output. The circuit does this by making use of typical circuit 
devices such as 555 timers to give a periodic signal. The periodic signal the circuit outputs is a 
repeating voltage drop. This output from the circuit is then supplied to a specific device to 
provide either an audible, visual, or tactile stimulus. If the stimulus is to be auditory, then the 
circuit is hooked up to a small speaker. If the stimulus is to be visual, then often an LCD or 
similar display is used to convey the rhythm to the user. This option is slightly more difficult to 
construct as it usually involves some sort of frequency counter and analog to digital conversion 
[2]. Lastly, if the stimulus is to be tactile, then an electric motor is often used to provide a 
vibration. However, there are no known metronomes that use a tactile stimulus that is adequate 
and distinct enough to provide the musician with accurate timing. 

 
Design Motivation 

The motivation for our design comes from Vanessa Young, a graduate music student at 
Carnegie Mellon, and the niece of our client, Dr. Bill Fahl. According to Vanessa, a professional 
harp player, there is no adequate metronome that uses a tactile stimulus. The main problem with 
metronomes that use an auditory stimulus is that the sound of the device can often be difficult to 
distinguish when music is being played. A tactile stimulus is thus ideal for a couple of reasons. 
First, according to Vanessa, a tactile stimulus should be more distinct than an audible tone when 
trying to practice and play music. Also, a tactile stimulus, especially if applied at a point on the 
body of the proper sensitivity and association, would better allow the musician to “internalize” 
the beat of the music. Thus we sought to design and construct a metronome that made use of a 
tactile stimulus to accurately provide the user with tempo.  

 
Client’s Requirements and Design Constraints 

 The client provided several specifications for the design of the physiologic metronome 
device. The key point which was stressed by the client—and is incidentally a focal point of the 
design—is that the tactile-stimulus mechanism be essentially inaudible. This is quite a radical 
departure from the conventional metronome; nevertheless, maintaining the tempo using an 
audible stimulus, as is done in many conventional metronomes, is indeed difficult for the 

A classical mechanical metronome. From 
http://www.concertpitchpiano.com/Wittner
_metronome_mahogany.jpg 
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musician to distinguish. Furthermore, a direct tactile stimulus facilitates internalization of the 
rhythm for the musician, a point which was highly emphasized by the client. 

 Another set of specifications were established regarding the size of the device. For the 
sake of practicality, the client requires a metronome device which is portable, with dimensions 
comparable to other metronomes or other such consumer electronics. This is ideal for everyday 
use of the metronome device, as this is its intended purpose. 

 Accuracy and reliability constitute another set of important requirements. In order for the 
metronome device to be useful, it must maintain a constant tempo. Furthermore, the device 
should be able to reliably maintain this constant tempo in a typical practice environment (i.e. 
ambient temperature). 

 Finally, a $100 budget was stipulated by the client. This is a very reasonable budget, 
given the relatively inexpensive cost of electronic components and all other miscellaneous 
accessories which will be included in the construction of the device. Specific discussion of the 
device’s various components will be deferred to the Design Alternatives section. 

 
Human Factors and Ergonomics 

A primary concern in designing the physiologic metronome device is user comfort and 
adjustability. Given that a typical practice session may last upwards of an hour, the device should 
not be cumbersome and should not adversely affect the performance of the user while using the 
device (i.e. it should not cause any sort of additional fatigue in the course of playing the musical 
instrument). Furthermore, the device should not attach to the user in a manner which would 
physically interfere with the user’s ability to play the musical instrument while using the 
metronome device. Such considerations will be made in the design of the device. 
 
Ethical Considerations 

The physiologic metronome is intended for human users and will be used frequently, 
perhaps daily.  A practice session may last hours, and so the device must be safe for long periods 
of time.  Fortunately, there are not many potentially dangerous aspects to this project.  The 
electrical components will obviously have to be encased and sealed away from the user.  The 
only other possible hazard is the tactile stimulation.  Shock may be harmful for users.  For 
example, if used for a long period of time the electricity running through the body will cause it to 
heat up.  Variation in skin resistance due to sweat could create a situation in which the shock 
delivered through the body is unsafe [3].  The other possibilities for tactile stimulation, which are 
mentioned above, should all be safe for human use, assuming the forces applied are within 
reasonable values. 
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Design Alternatives 
 
Cornerstone Features of the Design 

 Prior to discussing the various components of the design, it is worth mentioning two 
components which were considered “cornerstone” features of the design (i.e. they were not 
considered with other alternatives). The reason for not considering these with design alternatives 
is mainly due to the fact that these are trivial matters with respect to the client’s requirements. 
Their consideration does not reflect the discussion with the client and direct assessment of the 
client’s requirements and concerns. 
 
 The first such feature is the circuit. The circuit is relatively simple and was found by 
searching online for a metronome circuit [4]. It features a 555 timer configured for astable 
operation and a PNP bipolar junction transistor which amplifies the current at the output [5]. 
Several modifications were made to this circuit in designing the metronome device. The circuit is 
shown below. 

 

 The second “cornerstone” feature is the case [6]. The case will house the circuit 
components, which will be mounted on a perf-board (a plastic board with metal-lined holes to 
which circuit components can be soldered), and will serve as the “command center” for the 
various components of the design. The case is shown below. 

 

 

The original circuit which was 
modified for the final design. 
From 
http://electroschematics.co
m/wp‐
content/uploads/2008/04/m
etronome‐schematic.gif. 

The case that was used. From 
http://www.hammondmfg.com/dwg
8.htm.
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Type of Tactile Stimulus 

The first main component of our design that we had to decide upon was the source of the 
tactile stimulus. As was mentioned earlier, current metronomes that make use of a tactile 
stimulus commonly employ a small electric motor to produce a repeated vibration. Thus, this 
was the first option which we considered. Also, we looked at a few other options, including a 
compression or “squeeze,” a shock, and a tap. 

Vibration 

First, we considered the option of using a vibration as the source of the tactile stimulus. 
The vibration would likely come from a small electric motor attached to the circuit. See the 
figure below.  

 

The electric motor would both be encased and mounted in the metronome/circuit case, or 
be attached externally to the metronome box. The sensation that the user would feel from this 
type of mechanism would be similar to the vibration felt by a cellular telephone in silent mode. 
There are a few main benefits that would be provided by this type of stimulus. First, the user 
would have no trouble in feeling the vibration, provided the electric motor was sufficiently 
powerful enough. Also, as this type of mechanism is already in limited use, we would have some 
basis for designing our instrument. However, there are a few main problems with this option. 
First and foremost, as this type of device already exists, we would have to find some way of 
applying this stimulus that overcame the problems with current devices. We are concerned that at 
high beats per minute (bpm), the user would lose the ability to distinguish between successive 
beats and would only feel a constant vibration. Lastly, it is preferred that the tactile stimulus 
occurs at the ear. Based on our research, it would be difficult and costly for us to find a vibrating 
electric motor which is sufficiently small enough to be viable for this location.  

Compression 

The next option that we considered was a compression or “squeeze” as the source of the 
tactile stimulus. The main concept behind this idea would be a band which wrapped around some 
part of the body, most likely the waist or arm. Internally, there would be a string with minimal 
slack that would shorten for each beat, thus providing compression at the given location. The 
internal shortening band would likely be attached to a small linear solenoid that had a pin which 
retracted for each voltage drop produced by the metronome circuit. This design provides some 

A small, vibrating electric motor. From 
http://img.directindustry.com/images_di/photo‐
g/unbalanced‐electric‐vibration‐motor‐37275.jpg. 
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important benefits. First, this type of stimulus would likely be the most comfortable for the user. 
Also, an elastic band made of some sort of mesh material may be the most aesthetically pleasing 
option. However, there are some downsides to this design. The main problem with this design 
would likely be the construction. First, we are unsure of exactly how we would attach the 
shortening string to the solenoid while at the same time placing it inside some sort of mesh band. 
Also, there may be some difficulty in constructing the band so that it tightens a sufficient amount 
for the user to feel, while at the same time not providing any pain or discomfort to the user. Also, 
as with the vibration, we are unsure what kind of resolution would be achieved with the 
compression option at high frequencies.  

Shock 

Another possibility for the tactile stimulus was a small shock. The idea behind this option 
is similar to that used in a domestic pet shock collar, although our shock would occur at a much 
smaller voltage. One possible mechanism comes from an idea for a specific pet training device. 
We would have a piezoelectric crystal in contact with a solenoid. See the figure below. 

 

 The solenoid would be hooked up to the circuit, and give a tap for each beat of the tempo. The 
tapping of the solenoid on the piezoelectric crystal would cause the emission of an electrical 
pulse which could be transmitted to the user via an electrode of sorts [7]. There are some benefits 
from using a shock to indicate the tempo of the music to the user. The device would stimulate the 
user through a small electrode attached to a wire. Thus this option would likely give the most 
options in respect to location and ease of attachment for the stimulus. However, there are several 
downsides to using a shock to stimulate the user. First of all, there is some concern as to the 
safety of this option. Electric shocks, if large enough, can be extremely harmful to the user. 
Although the shocks from our device would be sufficiently small to avoid harming the user, they 
could prove extremely irritating and distracting, especially at higher frequencies. Also, it might 
be difficult to maintain constant shock strength, as this value could change significantly 
depending on skin resistance. Skin resistance can vary from user to user and among different 
conditions, such as when the user is sweating.  

 

The figure shows the basic concept behind 
piezoelectric devices. When a force is applied to the 
device, an electric potential develops. From 
http://wikibrowser.net/images/en/180px_SchemaPie
zo.gif 
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Tap 

The last option that we considered for the tactile stimulus was a small tap or mechanical 
pulse. This small tap would likely come from a linear solenoid directly in contact with the body. 
Although solenoids served a function in two of the three previous options for the tactile stimulus, 
in this case they would actually be the direct source of the stimilus. See the figure below. 

 

 In engineering applications, a solenoid typically refers to a device which converts 
electrical energy into linear motion [8].  Thus in our design the device would take the electrical 
pulse from our circuit and convert it into a linear tap coming from a metal pin. This pin would 
contact the body and indicate the rhythm to the user. The solenoid would likely be encased and 
mounted in some small plastic box or mesh fabric and then attach to the body while being wired 
to the metronome and circuit. There are some downsides to this option. One main problem is that 
the smallest solenoids tend to be around a half inch in both diameter and height. Thus the size of 
the solenoid could limit where on the body the solenoid could be attached (i.e. the ear). Also, the 
weight of the solenoid could be an issue in the very same areas of the body. However there are a 
few key benefits that stem from this mechanism. The solenoid or tap option would likely give the 
best resolution between successive beats, even at high frequency. Also, the tap option would 
likely be relatively comfortable for the user, at least in comparison to the shock or vibration 
options. Lastly, the tap option would likely give the most specific or precise tactile stimulus. In 
other words, the stimulus would be felt at one distinct point on the body, especially if placed at a 
location on the body with good sensory resolution.  

All of the above options for the tactile stimulus were placed in our design matrix shown 
below. As can be seen from the matrix below, signal resolution was the most important aspect 
considered, and this is the main reason for selection of the tap as the source of the tactile 
stimulus. Other important aspects of the design were size, user comfort, and lifespan. Underneath 
each factor is a number which represents the weight or importance of this factor out of 100.  
Each design matrix following will adhere to this format. 

A small, linear solenoid similar to 
the one that would be used for our 
tactile stimulus generation. From 
http://news.thomasnet.com/images
/small/464/464436.jpg
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Location of the Tactile Stimulus 

 Once the type of tactile stimulus was chosen to best suit the project, the next logical step 
was to decide what anatomical attachment site would best accept a tactile tempo while still 
satisfying the client’s demands. In considering locations, the question of sensory discrimination 
was the most heavily-weighted aspect of the decision process. Based on conversations with the 
client, the group decided to consider three potential locations on the body to deliver a tactile 
stimulus—the upper arm, the lower back, and the ear. 

Upper Arm  

The idea of attaching a tactile transducer to the upper arm would most likely be 
facilitated through an elastic strap comparable to the popular iPod ® docking band. Obvious 
advantages to this location would be ease of attachment and comfort of attachment, and bands 
are readily available on the market. Even though the upper arm may be a possible location for 
some instrumentalists, it soon became apparent that it would be less than desirable for a harpist 
such as the client. In speaking to the client, she indicated that the right upper arm is in constant 
contact with the harp. Additionally, the left arm is slightly raised. With long durations of playing, 
issues of fatigue and possibly tendinitis were concerns expressed by the client.  

To estimate the ability for different body regions to discriminate tactile stimuli, the two-
point discrimination test was researched. Physiologically, sensory input pours into the central 
nervous system in a topographically-faithful manner [9]. Although tactile sensory maps in the 
cerebral cortex are faithful to the locations of the sensory receptors, they do not reflect the 
correct proportions of the skin areas [9]. In essence, receptor density and the sizes of receptive 
fields determine two-point discrimination ability [9]. This phenomenon can be illustrated by a 
sensory homunculus. In this, it is obvious that the ability of the upper arm to sense tactile stimuli 
is small compared to surface area. One study of 46 individuals revealed that the upper arm can 
discriminate two points when they are 42.4 mm apart on average [10]. When this fact is 
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combined with the possibility of the arm moving during playing, tactile discrimination arises as a 
major question. 

                                    

 

 

Lower Back 

The second region considered was the lower back. Initial brainstorming proposed 
attaching a transducer to the region by either a belt or an “anchoring cap” as shown below. As 
opposed to the upper arm, the transducer would not be in contact with the client’s instrument. 
Additionally, it would be immobilized to the central spinal region assuming that the user 
remained seated. Also, whereas the arm attachment site may cause the device to be more 
noticeable, the lower back would promote concealment under clothing. 

Possible means of attaching tactile transducer to upper arm via 
iPod® docking band. From 
store.apple.com/sg/product/MA663G/A. 

Sensory homunculus illustration. The upper 
arm and lower back are less able to 
discriminate tactile stimuli than the ear region. 
From howstuffworks.com. 
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However, attaching a transducer to the lower back could be cumbersome—especially if 
adhesive material had to be constantly replaced, as the anchoring cap idea would necessitate. 
Additionally, the ability of the lower back to discriminate stimuli is a question. In a study of 
lower back two-point discrimination, it was found that on average individuals were able to 
discriminate points 41.8 mm apart [11]. This is very close to the sensory ability of the upper arm; 
both prove to be inferior to the ear option. 

Ear 

From the start of the project, the client has shown preference towards delivering tactile 
stimuli to regions near the ear. In a study of 105 subjects, two-point discrimination results were 
20.3 mm on average for the ear lobe region [12]. This is considerably more sensitive than the 
upper arm or lower back. Also, the ear is closest to the auditory processing lobe of the brain, 
which may lead to a more natural “internalization of the beat.” If attached to a metronome circuit 
via an output wire, an ear device would not interfere with the playing of an instrument. 

The major issues surrounding delivering tactile stimuli to the ear region is attachment. 
First of all, the transducer has to maintain a stable position so the perceived magnitude of the 
delivered stimulus does not fluctuate. Potential means of attaching an ear device may be through 
an ear clip, an ear form adapter, or a behind-the-ear design. Currently, the Peterson BB1 
BodyBeat® pulsating metronome is a product on the market that employs a vibrating clip [13]. 
However, this clip is not specific for the ear. Also, reviews have shown that tactile discrimination 

Sketch of “anchoring-cap” attachment device to the lower back. An 
adhesive ring would position the tactile device on the lower back. 
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may be difficult with this product. Considering this, a design that is specific to a user’s ear may 
more effectively transmit a tactile musical tempo. 

 

 

 

All three of the aforementioned body locations were subjected to the design matrix 
shown below. Although the ear may be the most difficult location to attach a transducer device 
to, its superior ability to perceive an incoming tactile signal makes it the most practical option to 
pursue. 

 
 

A possible design to attach a tactile transducer behind the ear. A miniature solenoid would 
need to be used to avoid discomfort. The ability to adjust tension would promote user 
specificity. 
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Mode of Attachment of the Tactile Stimulus 

 In order for the metronome to function well, it must be secured to the body in some way.  
Although the best mode of attachment may be dictated by the location of the stimulus, there are 
many methods of attachment that apply to any location on the body; thus the mode of attachment 
was considered as one of the major topics for design alternatives.  There are a variety of 
possibilities for meeting this requirement; the three main alternatives that were considered 
include adhesive, elastic, and form-fitting, the latter of which may require additional explanation.  
A form-fitting device, as it will be used in this paper, is one that can be adapted to fit the shape 
any body, and this may differ depending on the location.  An example of a form-fitting device 
for the upper arm would likely be very similar to an adjustable elastic armband.  However, 
elastic would not be a form-fitting device if applied to the ear.  In this case a malleable loop, 
similar to that used for headphones, to go above and around the back of the ear would adapt to 
the shape of the ear much better. 

Adhesive 

 Adhesive patches could be used to secure the metronome to the body.  This type of 
attachment would be very similar to that of a Band-Aid®, except with a metronome in place of 
the gauze pad.  One advantage of this design is that it could be placed just about anywhere, as the 
adhesive patches can be stretched to fit any shape.  It would also be very quick to put this on.  
Like a typical Band-Aid®, this type of attachment would be very stable unless the user began 
sweating. 

 There are a number of disadvantages to this design.  The adhesive would eventually wear 
out after a couple of uses, and would need to be replaced.  Depending on how frequently the 
metronome is used, the adhesive may need to be replaced quite often, and it would be a hassle 
and potentially costly.  Additionally, ripping of adhesives is sometimes uncomfortable for the 
skin and thus undesirable. 

Elastic 

 Another possible mode of attachment is elastic, most likely in the form of an adjustable 
strap on which the tactile transducer is mounted.  The elastic strap has many advantages.  First of 
all, elastic straps are widely available, so that an ideal size and design would be easy to find.  For 

the same reason, little effort would be needed to construct this type of 
attachment.  An elastic strap is also a very secure attachment, which 
will hold the tactile device snugly against the body. 

 One of the downsides of the elastic strap is that it would be 
hard to design for some parts of the body.  For example, an elastic 
strap would not easily fit around the ear, so if this location were used 
the elastic strap would have to wrap around the head, like a headband.  
It may also add extra weight to the limbs of the body, throwing off 
balance or increasing the rate of fatigue.   

http://www.svsports.com/store/Sportline-Mp3-Holder-W--Armband-OSCARItem_342+5899129.aspx    
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Form-Fitting 

 The final alternative for mode of attachment is form-
fitting, which was defined above as a device that can adapt 
to fit the shape of any given body.  This alternative was 
designed with the ear in mind.  The main advantage for this 
design is that it can be adjusted by the user to fit the user's 
body, thus providing a high level of comfort.  It would also 
be a very visually appealing design.  For example, using a 
loop that runs above and behind the ear, similar to that used 
for headphones or hearing aids, looks simple and elegant. 

http://www.soundearphones.com/shop/ 
skullcandy/earphones/343-skullcandy-asym 

-earphones-blackgreen/ 
 

There are some disadvantages for this mode of attachment.  It would be more difficult to 
design and construct.  In addition, it may not be as stable and secure as the other modes of 
attachment, especially considering that the tactile device will likely involve some motion, which 
could jostle the attachment. 

 For this design matrix, user comfort was most heavily weighted.  This is because the 
device is intended for long periods of use, and must be comfortable so that the user can 
concentrate on the music.  An uncomfortable metronome could be so uncomfortable as to hinder 
the musician's practice.  The next most important aspect is the stability of the attachment.  If the 
tactile device can’t stay firmly attached to the body, the user may have trouble feeling the beat, 
thus rendering the metronome useless.  The ease of construction was also considered, as the third 
most important aspect, because there is a limited time in which to build the prototype.  
Furthermore, a complicated construction process could increase the cost of manufacturing, thus 
making it a less viable idea.  The final aspect considered in the design matrix is the visual appeal.  
The device should look nice, so that the user could potentially use it in a performance setting. 

 
 
 
 
 



16 

 

User Input and Output 

The final design alternative involves the interaction of the user with the device. 
Specifically, this involves two things, input and output, which deal with setting the tempo (input 
from the user) and indicating which tempo has been set (output to the user). User friendly 
operation and ease of construction were two contradictory ideas which required compromise in 
determining the design. Three user input-output combinations were determined accordingly: 
knob and tick marks; knob and LCD display; and buttons and LCD display. 

 
Knob and Tick Marks 

                 
http://www.telerik.com/help/wpf/images/RadialScaleTickMarks-Desc.png  commons.wikimedia.org/wiki/File:Potentiometer.jpg 

 The first user input-output combination involves a knob (potentiometer) to adjust the 
tempo and tick marks to indicate which tempo has been set. Graded tick marks would indicate 
the full tempo range of the metronome device. Assuming proper calibration of the potentiometer 
to the tick marks, this would be the easiest-to-construct option and most cost effective, while 
accomplishing the basic requirements for a user input-output system. 

 The main disadvantage in this user input-output combination is a relatively low accuracy 
and precision in the indication of the tempo. This method is analogous to using a graded-
temperature glass thermometer: the use of tick marks gives rise to poor measurements at 
intermediate values between tick marks. Such a design is thus highly dependent on the spacing of 
the tick marks. If the tick-mark intervals are too narrow, they may become cluttered and may 
result in difficult adjustability of the tempo; conversely, if the tick-mark intervals are too broad, 
it may be difficult for the user to assess if the desired tempo has been correctly chosen. 
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Knob and LCD Display 

 
detail.en.china.cn/provide/detail,1078195290.html 

 
 The second user input-output combination similarly employs a knob (potentiometer) as 
the user input, but uses an LCD display to indicate the tempo (i.e. user output). This method is 
much more user friendly in terms of the output, as a digital display of the tempo (in beats per 
minute) is much easier to read than tick marks. This gives rise to easier adjustability for the user, 
and more confidence that the correct tempo value has been selected. 

 The main disadvantage of this user input-output combination is difficulty in construction. 
Using a digital LCD display involves relatively complex circuitry and programming, two tasks 
which are difficult to achieve due to time and financial constraints, as well as poor knowledge of 
such circuitry. Thus, time is an issue in both construction and also acquiring the necessary 
knowledge to construct such an LCD display. Given finite time and rapidly approaching 
deadlines, this may be a difficult option to consider. 
 
Buttons and LCD Display 

 
http://www.bigfoto.com/sites/galery/closeup1/digital-camera-buttons.jpg 

 
 The third, final user input-output combination similarly employs an LCD display as the 
user output, but uses buttons to select the tempo (i.e. user input). This method is the most 
effective and user friendly in terms of both the user input and output. As was previously 
established, a digital display of the tempo (in beats per minute) is much easier to read than tick 
marks. Furthermore, the inclusion of easy-to-use buttons allows for a more compact design, as 
there are no protruding knobs. Thus, there is an added aesthetic element with this combination. 
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 The disadvantages associated with this user input-output combination mainly involve an 
even greater complexity in the design. In addition to employing an already difficult-to-design 
LCD display, buttons would have to be incorporated into the process, adding more complex 
circuitry and programming to the design. This would also be the most expensive combination 
due to the additional parts that would be required to construct it. Furthermore, given time 
constraints, this combination is very impractical from a construction standpoint, despite its user 
friendliness. 

 After considering the three user input-output combinations, a design matrix with several 
criteria was established and is shown below. Ultimately, the decision came down to time and 
cost considerations, as well as a cost-benefit analysis of user friendliness versus practicality of 
construction. Given that discrete (i.e. integer value) tempo markings are sufficient for most 
musicians using a metronome, it was determined that the knob-and-tick-mark combination was 
the most viable option, due to the ease of construction balanced by sufficient user-output 
information provided to the user, given proper calibration and optimal selection of tick-mark 
intervals. 
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Overview of the Final Design 
 

 
 
The final prototype consists of a circuit housed in a compact case, which collectively 

form the “command center” of the physiologic metronome design. The circuit originated as a 
standard metronome circuit used to power a speaker but required modifications to effectively 
power a miniature push-type solenoid, the tactile stimuli generator of the prototype. The tempo 
generated by the circuit is transmitted in a tapping manner just ahead of the ridge formed by the 
sternocleidomastoid muscle, which is just behind the earlobe. This is made possible using an 
adjustable ear attachment that can be plugged into the circuit using a modified stereo cord. The 
user can control the tactile tempo generated by the circuit by turning a knob connected to a 
potentiometer. A tick-mark scale that relates the rotation of the potentiometer to the tempo 
output is fixed to the exterior of the case.  In the end, the cost of the prototype ($61.57) was less 
than the set budget if $100. It is possible that the project could be reconstructed at a cost of 
approximately $24 if duplicates of material components were not purchased. 

 

 
 

Focus: Circuit Modifications 
 

A number of circuit modifications were required to fit the specific needs of powering a 
solenoid.  These modifications can be seen highlighted in red on the circuit diagram below.  To 
begin, the speaker was substituted for a solenoid, as this was the ideal choice for a tactile 
stimulus.  Additionally, the potentiometer was modified to be a 200 kOhm potentiometer, which 

The Final Prototype 



20 

 

http://en.wikipedia.org/wiki/File:555_Astable_Diagram.svg

was calculated to provide the necessary tempo range.  The transistor was switched out for one 
that could supply more current, which is necessary to power the solenoid.   The TIP42C, which 
was used in the final design, can handle up to 6 amperes of current [14]. The other modifications 
require a bit more discussion. 

 

The original circuit was designed to power a speaker.  It was designed well, in that it sent 
only a very quick pulse of current through the speaker, just enough to make a click.  However, 
when trying to power the solenoid with the same pulse, it was discovered that the solenoid 
required a little more time to activate.  To solve this problem, the circuit needed to be redesigned 
so that the 555 timer sends out a pulse which lasts slightly longer.  

 

The 555 timer sends out a square wave, with the period dependent on resistance values, 
as outlined in the above equations where the high time is the time in which the pulse is at 
voltage, and the low time is when the pulse is down at zero [15]. The timer output acts as a signal 
for the transistor, which basically inverts the square wave.  The main idea here is that increasing 
the “low” time increases the time in which current flows through the solenoid.  To do this, the 
“R2” value was increased to 1 kOhm, this is the resistor in between node 6 and 7 of the timer.  
With this modification, the circuit was able to power the solenoid.  To keep power consumption 
to a minimum, the circuit should only apply current to the solenoid just long enough to make it 
activate.  So the circuit was tested, using various resistance values for “R2”, to find a good 

Final Circuit Diagram, adapted from
http://electroschematics.com/wp‐
content/uploads/2008/04/metronome‐schematic.gif. 
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compromise between strength of solenoid and “low” time length.  Using a 1 kOhm resistor ended 
up being a good balance, keeping power consumption low without sacrificing solenoid strength. 

With the insertion of this new resistor, the tempo ranges needed to be reworked.  This is a 
result of increasing the period of the square wave, coming from the 555 timer, by changing R2.  
Using the timer equations above, it was calculated that a 33 kOhm resistor in series with the 
potentiometer, would produce tempo ranges from 36 bpm (beats per minute) to 248 bpm.  Actual 
testing confirmed these calculations, and so the 33k-Ohm resistor was placed in series with the 
potentiometer, where a 22 kOhm resistor used to be.  The resulting circuit is one that produces 
the required tempo ranges, while also minimizing power consumption. 

Focus: Case Modifications 

One relatively minor part of the device construction involved making modifications to the 
case which will be briefly mentioned here. These modifications were done using a drill, Dremel 
® tool, and utility knife. Holes had to be cut out of the end of the case so as to allow the 
headphone jack and on/off switch to protrude. Also, the inside of the circuit case and the perf-
board on which the circuit was soldered had to be modified so as to allow the device to fit 
together. Lastly, a hole had to be made through the front of the casing so that the potentiometer 
knob could stick through. See the figures below. 

 

 

 

 

 
 

 

Focus: The Ear Attachment Component 

The final design aims to deliver a concise, tactile tempo to the body through an ear 
attachment so that the user can naturally internalize the beat during a musical performance or 
practice. As previously indicated, the ear is considerably more sensitive to tactile stimuli than the 
upper arm and lower back, which were also considered. In regards to attaching the solenoid to 
the ear, it was important to allow some degree of adjustability to compensate for variation in ear 
dimensions. This was essentially accomplished by modifying a flexible headphone. The flexible 
plastic extension used to wrap around the ear was isolated by “gutting” the speaker components. 
The rigid plastic base was then modified to provide an ample attachment site for the solenoid. A 
hole was drilled into the plastic base to allow the solenoid plunger to actuate freely. 
 

The figure above on the left shows the modifications 
made at the end of the case. The figure on the right 
shows some of the modifications made inside the 
case. 
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Before attaching the solenoid to the modified headphone, alterations we 
made to address audible and protective considerations. In particular, two 
rubber grommets of diameter 0.5 cm were positioned around the solenoid 
coils. This functions to provide protection to the fragile solenoid in the 
event of dropping. Also, it serves to muffle audible levels that may arise 
due to the plunger actuating back and forth. Another important 
modification that serves to silence the ear attachment during use is the 
positioning of two miniature rubber washers on the solenoid plunger. One 
washer is on the user-contact end of the plunger and one is positioned on 
the plunger portion that remains inside the solenoid coils. In addition to 
dictating the range of movement the plunger can experience upon 

actuation, these miniature washers eliminate metal-on-metal contact during use and thus 
attenuate a significant audible source. 

 
Correct positioning of the ear attachment is essential to maximize tactile tempo 

discrimination. In principle, the ear attachment was designed to take advantage of certain 
anatomical features of the right ear region. The flexible plastic extension discretely wraps around 
the backside of the helix with the terminal end pointing in the direction of the user’s face. This 
essentially keeps the entire attachment from falling off of the user in a hook-like manner. The 
user-contact end of the solenoid plunger is designed to strike slightly ahead of the 
sternocleidomastoid muscle. In order to maintain a constant state of contact, the solenoid should 
be positioned tightly behind the earlobe. The solenoid component of the ear attachment is large 
enough to lodge behind the ear lobe while still allowing clearance for plunger movement. Once 
positioned behind the user’s earlobe, the circuit delivers electrical signals to the two leads of the 
encased solenoid through a modified stereo wire, resulting in the transmission of a tapping 
tempo. 

 
Focus: User Interface 

                        

The user interface for this project is very simple, yet very important, because this is how 
the musician will control the device.  It consists of two main parts: the knob which controls the 
potentiometer, and the circular tick marks which indicate the selected tempo.  This type of 
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interface is certainly not as accurate as a digital display would be, but for the purpose of a 
prototype it suffices.  It was discovered late into the project that the choice of potentiometers 
resulted in a tempo scale that was non-linear with respect to the angular rotation of the 
potentiometer.  The linear potentiometer used in this design varies linearly with respect to the 
period of the square wave output from the 555 timer, which is a direct result of the timer 
equations mentioned in the circuit modifications section.  Tempo (beats per minute), however, is 
a measure of frequency, which is the inverse of period. Thus, there is a non-linear relationship 
between angular rotation and tempo, with the faster tempos being closer together.  To accurately 
portray this relationship, a Java program was written to relate the tempo, in beats per minute, to 
the angle of rotation of the potentiometer.  The source code is appended.  This program offers the 
ability to generate the best scale, by allowing the team to change variables for all of the 
following: the resistance values of the circuit, the extent to which the potentiometer can rotate, 
the minimum and maximum tempo, various aesthetic features, and many more options.  By 
measuring actual resistance and capacitance values from the circuit and the rotation of the 
potentiometer, the program was able to generate an image that very accurately portrayed the 
actual tempo as generated by the timer.  This image was placed underneath the potentiometer 
knob, which has a pointer to indicate the selected tempo, thus completing the user interface for 
the metronome. 

Testing 

While the team did not have sufficient time to fully test the device, some initial testing 
was done. First, the battery life was tested. An extra metronome circuit was constructed on a 
breadboard to avoid possibly damaging the circuit contained within the metronome case. The 
circuit output was hooked up to a linear solenoid which was exactly the same as the one 
contained in the ear attachment. The circuit was driven by a 9 V battery, just as the actual 
metronome is. The potentiometer was set to provide the highest tempo (196 bpm), and the device 
was allowed to run freely. The solenoid was effectively powered until approximately 16 hrs later. 

 

 

 

 

 

 

 

 

Also, the device was tested to determine the accuracy of the tick marks. The voltage 
output from the device across the solenoid was measured using the oscilloscope function on the 

The above figure displays a sampling of the oscilloscope testing done. The device was set at (a) 100 bpm (actual tempo = 
99.8 bpm), (b) 60 bpm (actual tempo = 58.1 bpm), and (c) 40 bpm (actual tempo = 38.0 bpm.
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program ELVIS. The device was set to various tempo settings with the knob/potentiometer user 
interface. The pulses across the device were then detected using the oscilloscope. The actual 
beats per minute was determined by dividing 60,000 ((1000 ms/1 s)*(60 s/1 min)) by the time 
between the pulses (in ms). Thus, by measuring the time between pulses at a given tempo setting, 
the team was able to determine the actual tempo and accuracy of the metronome device. The 
metronome was found to be accurate within 2-3 bpm. See the figures above. 

Future Work 
 

After analyzing the final prototype, it is apparent that future work could enhance the 
physiologic metronome’s effectiveness. First, the device should be tested using a sample group 
of experienced musicians. This could obviously produce qualitative feedback that could motivate 
altering the current prototype. Perhaps more importantly, quantitative data could be gathered to 
gauge how dependable the tactile tempo delivered by the device actually is. One proposed 
experimental set-up may include selecting a specific piece of music and allowing musicians to 
follow it using both a conventional metronome and the physiologic metronome described here. 
One could compare the progression of the musical performances at set time points and record by 
what amount of time the two differ by. For this physiologic metronome to be dependable, it 
would be important to observe a synchronous performance with that of a performance dictated 
by a conventional metronome. 

 
In addition to testing, it would be advantageous to alter the user-interface of the device. 

Currently, the interface employs tick marks that are arranged in a non-linear fashion. As already 
shown in testing, it is difficult to exactly set the knob to a desired tempo. Even though the circuit 
may be capable of maintaining an exact tempo, observed tempos may differ from the desired 
tempo simply due to the inability to precisely position the potentiometer. This could be 
addressed by using buttons to increase or decrease the tempo. Ideally, a frequency counter would 
relay information to a digital display so that the tempo can be easily viewed and manipulated by 
the user. 

 
Since the tempo range for the metronome dropped slightly when the solenoid was 

connected to the circuit, as compared to when a speaker was connected, the circuit should be 
modified further to provide a wider range of tempos.  This could easily be accomplished by 
changing a few of the resistance values within the circuit. 

 
Finally, if the physiologic metronome proves to be dependable and marketable, a 

standardized mold for the ear attachment could be created using a computer-aided drafting 
program. This would be the first step for large-scale manufacturing. Also, it would be interesting 
to add a technology which allows synchronization among multiple physiologic metronome units. 
This would be especially advantageous in terms of a group performance setting. 
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Appendix 
 
A. Product Design Specifications (PDS) 

I. Function 
 The purpose of this design project is to develop a metronome device which will maintain a 
constant, adjustable tempo for the practicing musician. A key feature that the client requires is 
that the device’s tempo-maintaining mechanism be inaudible. Such a feature allows the musician 
to practice and improve musical performance using a more intuitive approach—one that does not 
distract the musician while playing music (i.e. audible ticks, as used in conventional 
metronomes). 
 
II. Client Requirements 

• The device should accurately maintain the tempo. 
• The tempo-maintaining mechanism should be inaudible, relying on some sort of tactile 

stimulus to interface with the performer (i.e. something that can be internalized while 
playing without causing a distraction). 

• The device should not attach to locations on the body such as the arm or wrist—which are 
used to play the instrument—but rather at a location such as the waist, where the device 
does not interfere with musical performance but can still be used by the performer to 
maintain the tempo while playing. 

• The device is intended primarily for day-to-day practice. 
 
III. Design Requirements 
 

1. Physical and Operational Characteristics 
a. Performance Requirements: The tempo-maintaining mechanism must be 

essentially inaudible. The device should cover a practical playing-tempo range of 
approximately 40 to 250 beats per minute. 

b. Safety: The device must not cause excessive discomfort or harm to the performer. 
c. Accuracy and Reliability: The device must accurately and reliably maintain a 

constant tempo in a typical musical practice or performance environment. 
d. Life in Service: The device should be able to operate for the duration of a typical 

practice session (i.e. 2 to 3 hours at a time). 
e. Shelf Life: Indefinite; since the device will not involve any perishable materials, 

the shelf life is expected to be similar to that of typical consumer electronics 
devices. 

f. Operating Environment: Room temperature for a typical practice session, and 
possibly higher temperatures in densely crowded concert halls during 
performances (if applicable). 

g. Ergonomics: The device must be strategically placed on the body, so as to not 
adversely affect the performer’s ability to play the instrument, and must be 
quickly adjustable and comfortable in a performance setting (if applicable). 
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h. Size: The device should have a base of about 3 to 4 in by 3 in, and a height of 
about 0.5 to 1 in. Thus, the device should be portable and should not be 
cumbersome. 

i. Weight: The device should weigh approximately less than 1 lb. It should be 
lightweight in order to prevent distraction of the performer. 

j. Materials: Typical circuit elements (i.e. resistors, capacitors, 555 timer, etc.), a 
plastic case, and a battery (9 V). 

k. Aesthetics: The device should be rather plain in order to prevent attracting 
attention to it during practice or during a performance (if applicable). The device 
should attach firmly to the body and should not rattle or cause any other such 
undesirable noise.  
 

2. Production Characteristics 
a. Quantity: One functional device. 
b. Target Product Cost: Up to $100 for the production of a working prototype. 

 
3. Miscellaneous 

a. Standards and Specifications: The device should have similar adjustability to 
other electronic metronomes, and it should be built in a manner which does not 
pose electrical hazards to the performer. 

b. Customers: Primarily the client, though there is a potential market for other 
musicians. 

c. Patient-Related Concerns: The device should be comfortable and should not 
harm the performer while playing music. 

d. Competition: Many electronic metronome devices are on the market, though few 
deal with the problem of an inaudible/tactile tempo-maintaining mechanism. 

 
B. Java Source Code for Tick Mark Calibration 
 
import java.awt.*; 
import java.applet.Applet; 
 
public class TempoMarks extends Applet{ 
  
 int width, height; 
 Color background= Color.white; 
 Color lines = Color.gray; 
 Color bigLines = Color.black; 
 Color labels = Color.black; 
 Font font = new Font("font",Font.BOLD,11); 
 double rotation = 234;//degrees 
 double pot = 200.0;//potentiometer resistance in kOhm 
 int lowTempo = 40;//bpm 
 int highTempo = 200;//bpm 
 double rA = 33.0;//resistor in series with pot in kOhm 
 double rB = 1.0;//resistor between 6 and 7 in kOhm 
 double C = 10;//capacitance in microFarads 
 double smallLineLength=110; 
 double longLineLength=115; 
 int division; 
 int changeOne=100; 
 int changeTwo=160; 
 int labelOffset=-10; 
 int left=10; 
 int startLeft=70; 
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 public void init() { 
  width = getSize().width; 
  height = getSize().height; 
     setBackground( background ); 
 } 
 
 public void paint( Graphics g ) { 
   
  g.setFont(font); 
  double angleRaw,angle,bpm,res,length; 
  int centerx=width/2-10; 
  int centery=height/2+10; 
  int x,y; 
   
 
//***************************************************************************************** 
//  40-changeOnebpm 
  division=2; 
   
  for (int i=0;changeOne>=(lowTempo+i*division);i++){ 
   //calculations 
   bpm = lowTempo + i*division; 
   res = 60.0/(bpm*0.69*C*0.000001)-2.0*rB*1000.0-rA*1000.0; 
   angleRaw=res/1000.0/pot*rotation; 
    
   //drawing lines 
   if ( ( ((double)bpm) / 10.0) == ((int)bpm) / 10){ 
    g.setColor(bigLines); 
    length = longLineLength; 
   }else{ 
    g.setColor(lines); 
    length = smallLineLength; 
   } 
    
   angle = Math.PI/180*(90-(rotation/2)+angleRaw); 
    
   x = (int)(centerx + length*Math.cos(angle)); 
   y = (int)(centery - length*Math.sin(angle));//increasing y goes down 
   g.drawLine(centerx,centery,x,y); 
    
   //drawing numbers 
   if ( ( ((double)bpm) / 10.0) == ((int)bpm) / 10){ 
    g.drawLine(centerx+1,centery,x,y-1); 
    x = (int)(centerx + (length+labelOffset)*Math.cos(angle)); 
    y = (int)(centery - (length+labelOffset)*Math.sin(angle)); 
    if (bpm>=startLeft) x-=left; 
    g.setColor(labels); 
    g.drawString(""+(int)bpm,x,y); 
   } 
    
  } 
   
// ***************************************************************************************** 
//  change1-change2bpm 
  division=4; 
   
  for (int i=0;changeTwo>=(changeOne+i*division);i++){ 
   //calculations 
   bpm = changeOne + i*division; 
   res = 60.0/(bpm*0.69*C*0.000001)-2.0*rB*1000.0-rA*1000.0; 
   angleRaw=res/1000.0/pot*rotation; 
    
   //drawing lines 
   if ( ( ((double)bpm) / 10.0) == ((int)bpm) / 10){ 
    g.setColor(bigLines); 
    length = longLineLength; 
   }else{ 
    g.setColor(lines); 
    length = smallLineLength; 
   } 
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   angle = Math.PI/180*(90-(rotation/2)+angleRaw); 
    
   x = (int)(centerx + length*Math.cos(angle)); 
   y = (int)(centery - length*Math.sin(angle));//increasing y goes down 
   g.drawLine(centerx,centery,x,y); 
    
   //drawing numbers 
   if ( ( ((double)bpm) / 10.0) == ((int)bpm) / 10){ 
    g.drawLine(centerx+1,centery,x,y-1); 
    x = (int)(centerx + (length+labelOffset)*Math.cos(angle)); 
    y = (int)(centery - (length+labelOffset)*Math.sin(angle)); 
    if (bpm>=startLeft) x-=left; 
    g.setColor(labels); 
    g.drawString(""+(int)bpm,x,y); 
   } 
    
  } 
   
// ***************************************************************************************** 
//  changeTwo-maxbpm 
  division=8; 
   
  for (int i=0;highTempo>=(changeTwo+i*division);i++){ 
   //calculations 
   bpm = changeTwo + i*division; 
   res = 60.0/(bpm*0.69*C*0.000001)-2.0*rB*1000.0-rA*1000.0; 
   angleRaw=res/1000.0/pot*rotation; 
    
   //drawing lines 
   if ( ( ((double)bpm) / 10.0) == ((int)bpm) / 10){ 
    g.setColor(bigLines); 
    length = longLineLength; 
   }else{ 
    g.setColor(lines); 
    length = smallLineLength; 
   } 
    
   angle = Math.PI/180*(90-(rotation/2)+angleRaw); 
    
   x = (int)(centerx + length*Math.cos(angle)); 
   y = (int)(centery - length*Math.sin(angle));//increasing y goes down 
   g.drawLine(centerx,centery,x,y); 
    
   //drawing numbers 
   if ( ( ((double)bpm) / 10.0) == ((int)bpm) / 10){ 
    g.drawLine(centerx+1,centery,x,y-1); 
    x = (int)(centerx + (length+labelOffset)*Math.cos(angle)); 
    y = (int)(centery - (length+labelOffset)*Math.sin(angle)); 
    if (bpm>=startLeft) x-=left; 
    if (bpm==240) y+=5; 
    g.setColor(labels); 
    g.drawString(""+(int)bpm,x,y); 
   } 
    
  } 
   
  //concentric circles 
  g.setColor(bigLines); 
  g.drawOval(centerx-15,centery-15,30,30); 
  g.drawOval(centerx-20,centery-20,40,40); 
  g.drawOval(centerx-25,centery-25,50,50); 
  g.drawOval(centerx-30,centery-30,60,60); 
 
 } 
} 
 
 

 


