
 

Abstract: This paper presents an economically 

viable, sensitivity-optimized fluorescence 

sensor for detecting low concentrations of 

fluorophores in the visible spectrum range. The 

sensor employs a deep ultraviolet (DUV) 275-

nm LED and a dichroic mirror to establish a co-

axial optical path for excitation and emission. 

Instead of utilizing a general-purposed 

spectrometer optimized for high spectral 

resolution, the sensor strikes a balance between 

resolution and sensitivity by using an 

appropriate aperture size and optimized optical 

design tailored for the spectral characteristics of fluorophores. The manuscript demonstrates measurements of ppb-level rare 

earth element (REE) samples containing terbium (Tb), europium (Eu), dysprosium (Dy), and samarium (Sm) in aqueous 

solutions. Through balanced design that optimizes collection of fluorescence emission without losing spectral information, 

this work shows the feasibility of developing a low-cost, compact, and highly sensitive fluorescence sensors with improved 

detection sensitivity when compared to bench-top commercial spectrofluorometers at far higher costs. 
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I. Introduction 

luorescence sensor, a device utilized for evaluating 

photoluminescence-related properties such as fluorescence 

emission intensity, spectrum, and polarization [1], is one of the 

most widely used optical sensing techniques applied across a 

broad range of applications, including but not limited to 

chemical and biological sensing [2-7], environment monitoring 

[8-13], material characterization [14-17], and probing energy 

transfer processes [18-20].  

In general, a fluorescence sensor utilizes short-wavelength 

light sources to optically excite fluorophores. High-pressure 

xenon (Xe) arc lamps are one of the most versatile light sources 

for a steady state spectrofluorometer [1]. However, light-

emitting diodes (LEDs) are increasingly popular in 

fluorescence spectroscopy due to their advantages, such as 

compactness, lower power consumption, cost-effectiveness, 

and lower infrared and heat emission [1,21]. Scientific 

communities and industries have developed many variants of 

compact fluorescence sensors with LEDs as excitation source 

[3,8-12,17]. Most LED-based fluorescence sensors utilize a 

spectrometer to decompose optical emissions into constituent 

spectra, then use a general-purpose CCD or CMOS imaging 

sensors to detect spectral signals. The optical design of a 

general-purpose spectrometer typically focuses on optimizing 

diffraction-limited resolution for a given aperture or slit width 

on the order of micrometers. 

However, for most fluorophores that are commonly studied, 

the tight spacing of vibrational energy levels produces a wide 

range of emission photon energies (wavelengths), resulting in 

broad-band spectral features [1]. Thus, while high spectral 

resolution can be excessive for most broad-band fluorescence 

applications, it may impose inherent limitations on the 

sensitivity because of poor optical signal collection efficiency 

due to the use of a narrow aperture or slit. To detect extremely 

weak optical emissions using spectrometers with low collection 

efficiency, expensive and highly sensitive imaging sensors such 

as cryogenically cooled back-thinned CCD sensors or 

intensified CCD (ICCD) sensors are needed. This significantly 

increases the cost of high-performance fluorescence sensors 

and limits their applicability outside well-maintained 

laboratories. Resolution-optimized spectrometers can pose an 

even greater challenge for LED-based fluorescence sensors, as 
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they typically operate with relatively low excitation power to 

maintain low cost and compactness. 

This paper presents an alternative approach to improve 

sensitivity for fluorescence sensors by designing a sensitivity-

optimized but resolution-appropriated fluorescence sensor. 

Through an optical design that prioritizes fluorescence signal 

collection efficiency, this paper demonstrates a fluorescence 

sensor capable of detecting ppb-levels of economically critical 

rare earth element (REE) samples of terbium (Tb), europium 

(Eu), dysprosium (Dy), and samarium (Sm) in aqueous 

solutions.  The performance of the low-cost fluorescence sensor 

is compared to that of a research-grade desktop commercial 

spectrofluorometer at far higher costs. 

II. MATHEMATICAL MODEL 

 
Fig. 1.  Simplified model of the fluorescence sensor. 

A. Co-axial Configuration 

The excitation part of the fluorescence sensor consists of a 

deep ultraviolet (DUV) light emitting diode (LED), a dichroic 

mirror, and three collimating lenses A, B, and E as shown in 

Fig. 1. The excitation light from the 275 nm LED (XST-3535-

UV, Luminus Inc.) is collimated by lens E and then reflected by 

a single-edge dichroic mirror (Semrock FF347-Di01, 25 mm × 

36 mm) employed at 45° to the central axis. The excitation light 

is then focused into a sample cuvette, where the fluorescence is 

emitted. A portion of the fluorescence returns through lens A, 

passes straight through the dichroic mirror, and is then focused 

by lens B through the aperture.  

The dichroic mirror, which separates the UV excitation and 

visible-wave fluorescence emission, exhibits at least 97% 

reflection for 240-325 nm at 45° and at least 93% transmission 

for 380-800 nm [22]. The focusing of excitation and 

backscattering of fluorescence shares the same optical axis, so 

there is no need to align the emission axis with the excitation 

axis at the focal point. This co-axial arrangement of excitation 

and emission light maximizes the collection of fluorescence and 

enables quick, alignment-free tests of multiple samples. The 

wavelength-dependent transmission of the dichroic mirror also 

minimizes pump-wave backscattering toward the detector. 

B. Nonlinear Programming 

Grating is the crucial component of the lens-grating-lens 

(LGL) spectrometer. To maximize the grating efficiency at 

specific diffraction order, a blazed reflective grating, also 

known as an echelette grating, is the preferred option. A blazed 

grating is designed to maximize grating efficiency in a specific 

diffraction order, generally the first order, while operating at a 

specific wavelength, known as the blaze wavelength [23]. As 

shown in the spectrometer part of Fig. 1, θi indicates the 

wavefront incident angle, and θ1, θ2 denote the diffracted 

angles for the minimum and maximum design wavelengths in 

the first diffraction order, respectively. The diffracted angle θ 

can be obtained from the following grating equation [23]: 

𝜃(𝜆, 𝜃𝑖)  = sin−1(𝐺𝑚𝜆 − sin 𝜃𝑖)                       (1) 

where G represents the groove frequency or groove density, 

usually measured in grooves per millimeter, while m indicates 

the diffraction order. The value of m is equal to 1 for maximum 

efficiency for a blazed grating. 

The envisaged bandwidth spans from 450 nm to 750 nm, and 

the expected spectral resolution on the sensor plane is 

approximately 7 nm per millimeter. The spectrum resolution 

can be characterized by the reciprocal linear dispersion P, 

which can be obtained by the following equation [23]: 

𝑃 = 𝐺𝑚𝑓𝐷 ∙ 𝑠𝑒𝑐[𝜃(𝜆, 𝜃𝑖)]                              (2) 

where fD refers to the effective focal length of the post-grating 

lens system, which is simplified and denoted as lens D in Fig. 

1, and θ is the diffracted angle for a given wavelength  and 

incident angle θi.  

This optical system can be considered as an imaging system 

that images the fluorescence spot from the cuvette to the sensor 

plane.  An essential design parameter is the system 

magnification, which equals the ratio of the image distance to 

the object distance in a finite conjugate system. There are 3 

conjugate planes in the system: the fluorescence plane in the 

sample cuvette, the aperture plane located between lens B and 

C, and the sensor plane, as depicted in Fig. 1, leading to the 

following equation: 

𝛽 =
𝑓𝐵

𝑓𝐴
∙

𝑓𝐷

𝑓𝐶
=

𝑓𝐷

𝑓𝐴
∙

𝐷𝐵

𝐷𝐶
                                    (3) 

where β represents the system magnification, while DB and DC 

denote the clear apertures for lens B and C, respectively, 

typically exceeding 90% of their diameter. Hence, we have 

formulated a nonlinear programming objective function that 

can be expressed as the equation below: 

𝑚𝑖𝑛
𝐺,𝜃𝑖,𝑓𝐴,𝐷,𝐷𝐵,𝐶

∑[𝑊𝜆 ∙ (𝑃 − 𝑃0)2]

𝜆

+ [𝑅𝑒𝐿𝑈(𝛽 − 𝛽0)]2          (4) 

where 𝑊𝜆 denotes a normalized gaussian window for optimal 

performance centered at the central wavelength of 600 nm. P0 

and β0 represent the design, set at 7 nm per millimeter and 1, 

respectively. A smaller system magnification results in higher 

spectral resolution, thus a system magnification less than β0 is 

considered acceptable. Therefore, a rectified linear activation 

unit (ReLU) is employed to incorporate penalties only when β 

surpasses β0. 

Given the limited options of commercial off-the-shelf optics 

and necessary spacing between components, nonlinear 

programming can be constrained. For instance, typical 



 

 

commercial gratings are available in sizes of 12.7 mm, 25.4 

mm, or 50.8 mm, and offer groove density ranging from 300 to 

1800 grooves per millimeter. Given these constraints, 

MATLAB nonlinear programming solver fmincon with 

interior-point algorithm was implemented [24], resulting in an 

optimized groove-density value of 1220.5 grooves/mm. 

Nevertheless, since the nearest commercial option was 1200 

grooves/mm, we set this as the fixed value and proceeded with 

the subsequent optimization. Following several iterations, we 

successfully obtained commercially available values for θi, fA, 

fD, DB and DC, measuring 46.1°, 40.1 mm, 118.5 mm, 23 mm, 

and 45 mm respectively. Given focal length and clear aperture 

of a lens, the numerical aperture (NA) can be easily obtained by 

the following equation [25]: 

𝑁𝐴 = 𝑛 ∙ 𝑠𝑖𝑛 [𝑡𝑎𝑛−1 (
𝐷𝐴

2𝑓𝐴
)]                         (5) 

where n is the index of refraction of the medium in which the 

lens operates (n is equal to 1 in our case), and DA and fA are the 

clear aperture and focal length of lens A, respectively. Given 

that lens A plays a dual role in excitation focusing and 

fluorescence collection, the numerical aperture (NA) of lens A 

determines the maximum possible NA of the system. Thus, 

lenses with NAs of approximately 0.3 were deliberately 

selected for lenses A, B, and C. Further details regarding NA of 

lens E will be expounded upon in Section III A. 

III. ZEMAX SIMULATION AND OPTIMIZATION 

A. LED Collimation and Fluorescence Profile 

 
Fig. 2. (a) Simulated image of the LED square emitting pattern inside the 
cuvette where liquid samples are excited. (b) Simulated angular 
radiation pattern and collimation of the LED. (c) Simulated image 
intensity profiles of volume and surface source. (d) LED focal point 
inside sample (distilled water) cuvette and simulated intensity profile 
near the focal point inside cuvette (CV10Q35F, Thorlabs Inc.). 

The excitation light source utilized is a 275 nm UV LED 

(XST-3535-UV, Luminus Inc.). The emission angle of LED is 

roughly ±40° (NA 0.65) and its angular radiation pattern is 

modeled in ZEMAX based on the datasheet [26]. To validate 

the simulated radiation pattern, a polar detector is situated in 

front of the UV LED as depicted in Fig. 2b, with 70.4% of total 

power contained within ±21.1° (NA 0.36) 

Fig. 2b also delineates the collimation of the LED achieved 

by lenses E (NA 0.36) and A (NA 0.3). While using a relatively 

low NA lens (NA 0.3) for collimation is reasonable, it is not as 

high as in systems utilizing expensive high-NA condenser 

lenses, which also exhibit extremely short focal lengths. 

Notably, since lens A and E constitute an imaging system, a 

short focal length for lens E would result in significant 

magnification on the focal plane (inside the cuvette) of lens A 

pursuant to (3) outlined in section II, thereby lowering the 

energy density and fluorescence concentration. Thus, it is 

preferable for lens E to have a NA slightly greater than the 

system NA (0.3) to collimate more power from the light source 

while maintaining moderate magnification. Consequently, we 

selected an ultraviolet fused silica (UVFS) bi-convex lens with 

an NA of 0.36 as lens E. 

The simulated projected square emitting pattern of the LED 

collected by a 4x4 mm square detector inside the cuvette is 

shown in Fig. 2a, where more than 90% of the energy is 

concentrated within a 2x2 mm square area. Because the 

fluorescence area is a three-dimensional space, we simulated 

both 3D cylindrical volume source (based on profiles in Fig. 2d) 

and 2D surface source (based on profiles in Fig. 2a) and 

compared their intensity profiles on the image plane in Fig. 2c. 

Because of the similar image intensity profiles in Fig. 2c, the 

relatively small three-dimensional fluorescence area can be 

approximated as a surface light source with the profile depicted 

in Fig. 2a for higher computational efficiency in simulations. 

Based on this, we obtained the physical dimensions and 

radiation profile of the fluorescence for subsequent simulation. 

B. Simulation and Focal Power Division 

 
Fig. 3. ZEMAX simulation of the fluorescence sensor and radiance 
distribution on sensor plane for simulated wavelengths from 450 nm to 
750 nm. 

Fig. 3 shows a simulation of the fluorescence sensor along 

with the energy distribution on the sensor plane. It should be 

noted that aspheric lenses, despite their ability to eliminate 

spherical aberration and produce superior collimation, are more 

expensive and have fewer options or longer lead times. 

Therefore, in the simulation and system constructions, spherical 

optics were employed. Lens A, an uncoated UV fused-silica 

lens, was chosen for its superior transmission of both UV and 



 

 

VIS wavelengths. To minimize chromatic aberration, lenses B 

and C were utilized as one and two-inch (respectively) anti-

reflective (AR) coated achromatic doublets (400-700 nm). 

Seidel aberration theory posits that a positive lens typically 

creates a negative Petzval field curvature [27,28] and it is 

possible to correct this field curvature by dividing the power 

into multiple lens elements or incorporating a negative lens as 

a field flattener close to the image plane [29]. Accordingly, we 

divided the focal power into lenses D1 and D2 instead of 

employing a single lens. A negative lens, D3, was also included 

close to the image plane to decrease the image field curvature. 

Introducing more lenses instead of a single lens also provides 

an additional advantage: the distances between lenses can be 

altered as variables in a subsequent optimization process. 

C. Optimization 

In selecting low-cost lenses from off-the-shelf optical 

components, lens parameters such as the radius of curvature are 

predetermined. Therefore, only the distances between lenses, 

and tilt angles of optic components are treated as variables for 

optimization. To prevent component overlap, boundaries for 

these variables are restricted using optimization operands 

FTGT (full thickness greater than) and FTLT (full thickness 

less than) for thickness boundaries, and PMGT (parameter 

greater than) and PMLT (parameter less than) for angular 

boundaries. For minimal spot size, optimization operands 

TRCX (transverse aberration in x direction) and TRCY 

(transverse aberration in y direction) are automatically 

generated in the merit function with the ZEMAX optimization 

wizards. Initially, a global search is conducted for minimal spot 

size, and subsequently, Hammer optimization is performed, 

utilizing DENC (diffraction encircled energy) operands for 

higher energy concentration. The post-grating effective focal 

length calculated by the EFL operand is 113.25 mm and the 

incident angle of the grating is 43.17°. Both values are closely 

aligned with our outcomes from nonlinear programming as 

detailed in section II. 

 
Fig. 4. (a) Simulated reciprocal linear dispersion and spectrum position 
on sensor plane. (b) Simulated image field curvature (focal length shifts 
for different wavelengths) when splitting or not splitting focal power. 

Fig. 4a shows the simulated reciprocal linear dispersion, 

ranging from 6.4 to 7.6 nm/mm, which is in close proximity to 

our 7 nm/mm design target. The spectral distribution exhibited 

on the sensor plane maintains reasonable linearity. When 

focusing rays of the central wavelength (600 nm) onto the 

sensor plane, shorter and longer wavelength rays tend to focus 

in front of or behind the sensor plane, resulting in a curved 

image field. This shift in focal length can be utilized to represent 

the image field curvature. Fig. 4b depicts the image field 

curvature represented by focal length shift when focal power is 

either split or not split, using a single lens (LA1238, Thorlabs 

Inc., $110) or three lenses (LC1315, 2×LA1002, Thorlabs Inc., 

$262). Although splitting the focal power increases costs by 

approximately $150, the reduced surface curvature of the lenses 

results in decreased aberrations and a flatter image plane. As 

shown in Fig. 4b, the average focal length shift is significantly 

reduced from 3.47 mm to 0.12 mm. 

D. Balancing Resolution and Sensitivity 

When the NA values of Lenses A through E are established, 

the aperture size becomes the decisive factor for the quantity of 

light entering the spectrometer, as well as for the final spectral 

resolutions. 

Spectral resolution, or spectral resolving power R, is a 

measure of the ability to resolve features in spectrum, and it is 

defined as [23]: 

𝑅 =
𝜆

∆𝜆
                                               (6) 

where  represents the minimum distinguishable difference in 

wavelengths at a given wavelength . A higher spectral 

resolution indicates a greater capability to resolve adjacent 

spectral peaks.  

To discriminate between two adjacent peaks on the sensor, it 

is imperative that the separation between the peaks is adequate 

to produce an intensity valley depth ranging between 20% and 

30% of the peak intensity [23,30]. In Fig. 5a, three distinct 

fluorescence spots with varying wavelengths that generate an 

intensity valley depth of roughly 25% of the peak intensity have 

been simulated. 

The sensitivity of the system is characterized by the 

fluorescence collection efficiency, which is defined as the ratio 

of the energy received by the sensor to the available 

fluorescence energy within the system NA (0.3). As the 

aperture size increases from 0.8 to 1.2 mm, the collection 

efficiency experiences an upsurge from 17.8% to 39.3% as 

shown in Fig. 5a. Increasing the collection efficiency can lead 

to broader and higher spectral peaks, thereby reducing the 

ability to differentiate adjacent peaks due to increased overlap. 

So, the minimum spectral separation required to distinguish 

between adjacent peaks () also increases from 5.75 to 8.25 

nm as shown in Fig. 5a. 

 
Fig. 5. (a) Simulated fluorescence intensity on the sensor plane given 
different aperture sizes. (b) Simulated fluorescence collection efficiency 
and average spectral resolution. 

Fig. 5b depicts the simulated fluorescence collection 

efficiency trend and the average spectral resolution for different 



 

 

aperture sizes. Notably, the collection efficiency shows a nearly 

hundred-fold increase from 0.2798% to 27.64% as the aperture 

size increases from 0.1 mm to 1 mm, due to the area-scaling of 

collection efficiency. However, as the aperture size grows, the 

average spectral resolution decreases while ∆λ increases from 

3.8 nm to 13.1 nm. This implies that the spectral resolution 

deteriorates relatively slower than the increase in fluorescence 

signal with larger apertures. Additionally, the increase in 

fluorescence collection efficiency slows down gradually after 

the aperture size surpasses 1 mm. Considering these 

observations, we employed a 1 mm aperture in our experiments 

to strike a balance between spectral resolution and sensitivity. 

IV. EXPERIMENTS 

A. Experiment Setup 

 
Fig. 6. Experiments setup fixed in a portable box. 

As a proof-of-concept, the fluorescence sensor was deployed 

to detect economically critical emissive rare earth elements 

(REEs) in solution, an emerging application area for 

luminescent sensors [2,31-33]. REEs were selected as initial 

sensing targets for the fluorescence sensor due to their 

economic importance as well as their unique optical properties: 

unlike other metals, certain REEs are inherently emissive, and 

emit element-distinct emission bands [33,34]. Here, liquid 

samples of terbium (Tb), europium (Eu), samarium (Sm) and 

dysprosium (Dy), 4 visible-emitting REEs, were tested. All 

samples were dispersed in a bio-MOF solution [35], which is 

an anionic, porous, metal-organic framework and has been 

evaluated as a sensitizer material for low-ppm or even ppb-level 

REE detection following a previously reported experimental 

protocol [36].  

Our sensor does not require critical alignment due to the large 

emitting area of the LED and the millimeter-level aperture size. 

The optical components were clamped between two 3D-printed 

holders from top and bottom, which were fixed inside a 

polylactic acid (PLA) plastic housing with wall thicknesses 

ranging from 2 mm to 3 mm. The 3D printer used was the 

Ultimaker 3 with a printing precision of 60 µm. ZEMAX 

simulations indicate that location errors of 60 µm have a 

negligible impact on the simulated spectrum obtained by the 

sensor. The entire structure is compact and portable, housed in 

a box with dimensions of 28 cm × 25 cm × 6 cm, as illustrated 

in Fig. 6. To ensure optimal transmission in the UV-VIS 

wavelength range, the sample cuvette (CV10Q35F, Thorlabs 

Inc.) is made of UV-fused Quartz glass. Quick-release slots are 

incorporated into the design, allowing for convenient changes 

in the aperture size to adjust for varying priorities of sensitivity 

and spectral resolution in future applications. Fluorescence 

signals were detected by a general-purpose CCD line sensor 

(TCD1304, Toshiba Inc.) featuring 3648 × 1 pixels and an 

integration time of 100 milliseconds. The total cost of our 

sensor is around 2000 USD. 

B. Measurements and Results 

  
Fig. 7. Averaged fluorescence spectrum and linearly (y=k*x) fitted peak 
values for (a)(b) Tb at 24mW LED; (c)(d) Eu at 24mW LED; (e)(f) Dy at 
40mW LED; (g)(h) Sm at 40mW LED. 

Baseline measurements were initially conducted on 



 

 

deionized water, followed by the addition of the MOF and 

subsequently, a small amount of a REE sample using a 10 µL 

titration pipette. The REE fluorescence signal was obtained by 

subtracting the MOF signal from the measured spectra. The 

spectra for each REE concentration level were measured at least 

seven times, and the average results for all four samples are 

presented in Fig. 7. To avoid over-exposure or exceeding the 

maximum intensity range of the CCD, the light source power 

was reduced to around 24mW (200mA DC current) for the 

stronger-emitting Tb and Eu samples, while the source power 

was increased to around 40mW (350mA DC current) for the 

weaker-emitting Dy and Sm samples. The CCD integration 

time was difficult to adjust dynamically due to circuit issues in 

this experiment. As a result, the power of the LED excitation 

source was reduced for samples with strong fluorescence 

emissions to avoid saturation in this experiment. However, it is 

worth noting that for blind testing, the excitation source power 

should remain stable and integration time should be adjusted to 

ensure proper dynamic sensing range. The output signal 

obtained with different integration times can be normalized 

using a linear relationship provided in the CCD datasheet. 

The limits of detection (LOD) and limits of quantification 

(LOQ) of the system were determined based on the protocol 

laid out in Daniel Harris’ Quantitative Chemical Analysis [37]. 

Linear fitting (y=k*x) was performed to find the slope (k) of the 

intensity vs. concentration of rare earth elements (REEs), as 

demonstrated in the right column of Fig. 7. The noise was 

estimated as the standard deviation (s) of at least 7 replicate 

measurements made after the first addition of Tb, Dy, Sm, and 

Eu. The LOD and LOQ were estimated as three and ten times 

of the signal-to-noise (k/s) ratio, respectively. A comparison of 

the LOD and LOQ of our fluorescence sensor with those of a 

commercial laboratory (HORIBA Jobin-Yvon Fluorolog 3 with 

FluorEssence software, a 450 W xenon arc lamp) was presented 

in Table 1, using the same sensing material, sensor integration 

time (100 millisecond) and experimental conditions previously 

reported in the literature [38]. Our fluorescence sensor 

demonstrated promising results in detecting rare earth elements 

(REE) at the parts per billion (ppb) level, even with reduced 

source power to prevent potential saturation of the CCD sensor 

when measuring samples with high concentrations of Tb and 

Eu. It is worth noting that the dynamic sensing range of the 

CCD sensor has a linear relationship with the integration time, 

as stated in its datasheet, and thus dynamic adjustment of the 

CCD integration time is recommended for future work. 

 
In Fig. 7a, we can observe the presence of background signal 

at shorter wavelengths, notably at the 493 nm fluorescence 

peaks of Terbium. As a result, a linear fit of the form y=kx+b 

was first performed, and the y-intercept b was subtracted from 

all peak values. The resulting peak values were then fitted using 

a linear function of the form y=kx, as shown in Fig. 7. This 

occurrence is likely attributed to the backscattering from the 

light source together with the stray light scattered by the 

polymer walls of the spectrometer. To address this issue, the 

inclusion of a long-pass filter following the dichroic mirror and 

further optical optimizations to mitigate stray light in the 

spectrometer are recommended in future work. 

V. CONCLUSION 

In this paper, we develop a low-cost optical system tailored 

for fluorescence optical emission with broad spectral features. 

Detection experiments with REE samples showed that the 

custom-spectrometer designed herein provides similar or 

slightly better sensitivities to a significantly more expensive 

desktop commercial instrumentation. Using inexpensive off-

the-shelf optics and focal plane arrays, this paper shows that by 

balancing spectral resolution and sensitivity, it is possible to 

design low-cost, portable fluorescence sensors to achieve -ppb 

level of LOD while still harnessing sufficiently accurate 

spectral information for a wide array of applications. Taken 

together, this design and optimization approach should enable 

other researchers and designers to perform similar application-

specific work. 
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