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Abstract: 
As the spectrum of ion mobility spectrometry (IMS) applications expands and more 

experimental configurations are developed, identifying the correct platform for an 

experimental campaign becomes more challenging for researchers. Additionally, metrics 

that compare performance (Rp, for example) often have nuanced differences in definition 

between platforms that render direct comparisons difficult. Here we present a comparison 

of three do-it-yourself (DIY) drift tubes that are relatively low cost and easy to construct, 

where the performance of each is evaluated based on three different metrics: resolving 

power, the ideality of resolving powers, and accuracy/precision of K0 values. The standard 

PCBIMS design developed by Reinecke and Clowers (Reinecke, T.; Clowers, B. H., 

HardwareX 2018, 4) provided the highest resolving power (> 90) and the highest ideality 

of resolving power ratios ( >90% at best) of the three systems. However, the flexible tube 

(FlexIMS) construction as described by Smith et al. (Smith, B. L. et al. Anal. Chem. 2020, 

92 (13), 9104–9112) exhibited the highest degree of precision of K0 values (relative 

standard deviation < 0.42 %). Depending on the application, the drift tube variants 

presented and evaluated here offer a low-cost alternative to commercial drift-tube 

systems with levels of performance that approach theoretical maxima.  
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Introduction 
 

Given the insights afforded by coupling ion mobility spectrometry (IMS) with mass 

spectrometry (MS), there is a persistent drive to optimize and enhance gas-phase ion 

separations to capture information that extends beyond the information provided by 

measuring m/z alone. Specifically, value exists in evaluating the relative size of gas-phase 

ions and whether they adopt expanded or compact conformation in the gas phase.1–3 In 

fact, over the past 25 years, the number of IMS papers in the literature has increased by 

over an order of magnitude including multiple novel instrumental configurations that 

exploit gas-phase ion mobility that are now commercially available.4,5 While the trapped 

ion mobility spectrometer (TIMS),6,7 traveling wave ion mobility spectrometer (TWIMS),8,9 

and structures for lossless ion manipulations (SLIM)10 are all relatively new 

configurations, each with their own advantages and disadvantages, the most widely used 

IMS platform remains the drift tube ion mobility spectrometer (DTIMS).5 The majority of 

these DTIMS platforms are used for security purposes, such as screening for explosives 

or narcotics at international borders and public transit hubs.11,12 While commercial 

research-grade DTIMS systems are available, these systems, by definition, lack flexibility 

and require considerable capital investment.13–16  

 

To meet the instrumental versatility often required in a research environment, there have 

been multiple attempts to design lower-cost DIY IMS instruments. Such efforts include 

the recent flexible drift tube IMS design by Smith et al., where an IMS is produced by 

rolling a flexible printed circuit board (PCB) with electrode strips into a tube.17 An 

additional series of lower-cost drift tube designs has been presented by the Zimmermann 

group, that include printed circuit boards with optimized pitch and width of the electrodes 

to provide the best performance and most uniform electric field.18 More recently, Ahrens 

et al. presented a miniaturized drift tube of stainless steel straps and a composite stacked 

PCB design with alternating metal sheets and insulative layers,19,20 and Bohnhorst et al. 

updated the PCB design to allow for a moving electric field to be applied throughout the 

tube.21 Other notable designs include a 3-D printed drift tube described separately by 

several groups, including Hauck et al. and Hollerbach et al.,22,23 and the stacked PCB 
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design from Reinecke and Clowers.24 While each of these designs provides its own 

approach to a low-cost alternative commercial instrumentation, an important question to 

consider is what compromises must be made when relying upon open-source 

instrumental IMS designs? 

 

IMS performance is typically classified in one of two terms: resolving power and/or 

resolution.25,26 Mathematically, resolution (R) compares the relative separation of two 

peaks and is used extensively in chromatography.26 Resolving power (Rp), on the other 

hand, is a single-peak metric and is the ratio of centroid of the arrival time distribution to 

its absolute peak width at half height more commonly employed to characterize mass 

spectrometers. Under ideal operating conditions, Rp is a reasonable substitution for 

resolution, however, is ultimately flawed as the ratio of the smallest to lowest mobility that 

can be probed using a drift tube is constrained due to practical limitations and a non-linear 

relationship between drift time and thermal diffusion as defined by Brownian motion.25,27  

In the early 2000’s the Hill group standardized resolution (i.e. the separation of 2 peaks) 

by introducing separation factors (a ratio of peak mobilities compared to each other),28 

but outside of the Hill group, this metric has seen little use.28–30 Despite its limitations, Rp 

remains the most wide-spread metric of IMS performance with respect to separation 

capacity. Ignoring the practical limitations, the theoretical resolving power depends on the 

width of the initial gate pulse width and thermal diffusion. Combined, these two factors 

comprise the full width half maximum of an arrival time distribution in a DTIMS. When 

environmental factors are completely controlled (e.g. temperature, gas homogeneity, and 

ion desolvation) and the electric field applied is homogeneous, the observed resolving 

power in an instrument is a direct measure of ion packet fidelity as it traverses the drift 

cell.13,25,27,31 Often physical limitations resulting in a decrease in resolving power include 

the electric field heterogeneity, ion gate depletion, and Coulombic repulsion to name but 

a few.25,27 Caution is warranted, however, when invoking the spectre of Coulombic 

repulsion as the conditions for this behavior requires considerable levels of ion current 

(i.e. > 5.26 x 107  C/cm3  at atmospheric pressure conditions) which is rarely achieved 

using standard ion sources without the aid of ion compression and trapping strategies.32 

To determine the “imperfections'' in the tube, the experimental resolving power is often 
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compared to the “ideal” resolving power, or the resolving power where the full width at 

half maximum is a function of the gate pulse width and ideal diffusion according to 

Brownian motion.25,27 Such comparisons have been described by Siems et al. and Kirk et 

al. and will be discussed in detail below.25,27 It is worth noting that resolving power is not 

always classified in terms of drift time. Some reports cast resolving power in terms of ion-

neutral collisional cross sections, usually for non-static field instruments, which can result 

in mathematically inflated Rp values compared to those calculated with drift times simply 

due to the increased numerical values of the abscissa.33–37 Thus, all resolving powers are 

not directly comparable to classify instrument performance. 

 

In this brief study, we characterize the performance of three DTIMS instruments 

constructed in our lab. This exercise is not only to fully characterize the existing PCBIMS 

design routinely used by our group,24,38–40 but to determine whether the current PCBIMS 

design offers the optimum performance out of a limited selection of alternative DIY drift 

tube designs, and most importantly, to provide insights to the community with respect to 

IMS design and implementation. Each tube is based on open-source designs requiring 

relatively little time to assemble and made from comparatively, low-cost materials.24 

Designs for the respective systems are available via our group data processing and 

design repository (https://github.com/bhclowers/OS-IMS). The performance of each drift 

tube is tested using a matrix of IMS standards with a wide range of mobility values by 

varying the voltage and gate pulse widths within a reasonable range of operation for these 

instruments. Changing these two experimental variables allows us to characterize the 

resolving power, ideality of performance of the tube, resolution between peaks, and 

accuracy of recorded mobility values. The ideality of the tube is based on the 

characterization metrics detailed by Kirk et al., and directly compares the resolving 

powers experimentally determined with the theoretical resolving powers at optimized 

operating conditions.27 Additionally, careful examination of gas-phase ion mobility 

provides a link to assess the accuracy and precision of the tube’s performance when 

compared with literature values. Although separation factors are a fourth valuable metric 

of IMS performance, these will not be discussed in this effort. By characterizing the 

performance of these open-source, easy to do-it-yourself (DIY) IMS designs and 
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distributing a Python script for analysis, we provide a set of metrics that will allow 

researchers to identify an IMS design and implementation for their specific needs. Lastly, 

while the results presented here are for standalone, signal-averaged, DTIMS systems 

with a Faraday plate detector, these IMS configurations can easily be coupled to mass 

spectrometers.  

 

Experimental: 
Sample preparation: 
A solution of 25 μM containing each of the tetraalkylammonium salts (TXA) was prepared 

in methanol (HPLC grade, Fisher Chemical, Fair Lawn, NJ) as described previously.41 

Each of the TXA salts used were purchased from Sigma Aldrich (St. Louis, MO) and 

included: tetrapropyl ammonium bromide (Sigma: 225568-100G) (T3A), tetrabutyl 

ammonium bromide (Sigma: 426288-25G) (T4A), tetrapentyl ammonium bromide 

(Sigma: 241970-25G) (T5A), tetrahexyl ammonium bromide (Sigma: 252816-25G) (T6A), 

tetraheptyl ammonium bromide (Sigma: 87301-10G) (T7A), tetraoctyl ammonium 

bromide (Sigma: 294136-5G) (T8A), tetrakis-decyl ammonium bromide (Sigma: 87580-

10G) (T10A), and tetradodecyl ammonium bromide (Sigma: 87249-5G) (T12A). 

 

Instrumentation  
The outlined experiments use single-gate, signal-averaged IMS instruments with drift 

regions and desolvation regions of varying lengths (See Figure 1). Tubes A and C were 

constructed as previously designed by Reinecke and Clowers.24 However, Tube A’s drift 

region used electrodes that were thinner and smaller in diameter than those previously 

used (Table 1).24 Both of these drift cell designs follow the guidance outlined by Bohnhorst 

et al. to balance the inner diameter of the electrodes with electrode thickness and pitch.18 

In a marked deviation from the stacked ring design, the drift region of Tube B was made 

of a rolled sheet of a flexible polyimide sheet with gold-coated copper electrodes 

(FlexIMS). Though the absolute inner diameter of the Tube B differs slightly from the 

report by Smith et al. 17 the design includes a “dogleg” electrode to minimize field 

penetration and stray fields within the drift cell (See Figure S2 and S3). One key difference 

in our implementation of the FlexIMS design is that the resistors are attached to a 
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companion FR-4 board which allows different resistor values to be rapidly exchanged. 

The design files for the new PCB-IMS configurations shown in this effort are included as 

part of the Supplementary Information and can also be found in the public repository 

associated with this research project (https://github.com/bhclowers/OS-IMS).  

 

Table 1: Dimensions of the electrodes for each type of tube: mini-PCBIMS, FlexIMS, and 
standard PCBIMS. The electrodes for each tube are Illustrated in Figures S1-S3. It is 
worthy to note that different widths of the PCBIMS electrodes vary with the batch and may 
have a tolerance of thickness up to 0.2 mm. 
 

 mini-PCBIMS 
(Tube A) 

FlexIMS 
(Tube B) 

Standard PCBIMS 
(Tube C) 

Width of Electrode 
(mm) 

1.0 mm 2.5 mm 1.6 mm 

Inner Diameter of 
Electrode (mm) 

14.3 mm 27.3 mm 25.0 mm 

Pitch of Electrodes 
(mm) 

2.2 mm 2.7 mm 3.8 mm 
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Figure 1: Visual outline of the 3 IMS tubes characterized in this set of experiments. Tube 
A is the mini-PCBIMS where the desolvation region is constructed of the standard 
diameter electrodes and spacing (with a total length of 7.6 cm), but the drift region, with 
a total length of 6.57 cm,  is constructed with the smaller diameter electrodes with closer 
spacing. Tube B is the FlexIMS with the same desolvation region as Tube B, but the drift 
region is made of the flexible PCB design by Smith et al. with a length of 10.4 cm and a 
total resistance of 38 MΩ.17 Tube C is the standard design PCBIMS described 
previously.41 
 

For all experiments, a countercurrent flow rate of N2 at 0.22 L/min was added through the 

Faraday plate as described by Reinecke and Clowers.24 Ions were generated using a 

custom ESI source with samples infused at a flow rate of 4 μL/min. All of the DTIMS 

systems used a Faraday plate attached to a transimpedance amplifier using the design 

detailed by Reinecke and Clowers,24 contained a tri-grid ion gate using the design as 
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described by Langejuergen et al.,42 and the pulse was controlled with the FET pulsers as 

described by Garcia et al.43 The modulation of the isolated, FET pulsers was achieved 

using the analog output feature of the Digilent Analog Discovery 2 (Digilent Pullman, WA) 

which was also synchronized with the data acquisition feature of the same USB 

oscilloscope. For each drift tube, a series of 36 measurements were taken containing 

over 1000 signals averaged spectra per measurement: six different gate pulse widths and 

six different electric fields as described in Table 2. The smallest gate pulse width and 

electric field strength were chosen from the smallest value that gives a statistically 

significant Gaussian peak of the lowest mobility species (T12A). The highest gate pulse 

width was chosen based on peak shape (i.e. when peaks are no longer Gaussian and 

instead, trapezoid) and the highest voltage was chosen due to concerns about dielectric 

breakdown. Gate pulse widths vary between tubes due to different waveform generation 

frequencies, each chosen based on ion drift time and to minimize spectral noise (Tube 

A= 41.33 Hz, Tube B= 20.33 Hz, Tube C= 23.16 Hz). The order in which the gate pulse 

widths were measured was randomized for each voltage. The set of six voltages, which 

was corrected to account for the resistance of the drift tube as described by Hauck et al., 

were kept constant for all 3 tubes, but due to the difference in drift tube length, results in 

different electric fields for each tube.44 Each signal-averaged measurement was taken at 

room temperature (24-25.6 ℃) and atmospheric pressures varying between 689 and 695 

Torr both measured using an Omega OM-CP-PRHTEMP2000 (Omega Engineering Inc., 

Newark CT), with all measurements for one tube performed in a single day. Specific 

experimental details for each experiment are in the Supplemental Information. 
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Table 2: The experimental electric field settings and gate pulse widths for each drift 
tube 
 

Gate Pulse Widths (μsec) Electric Fields (V/cm) 

Tube A Tube B Tube C Tube A Tube B Tube C 

121   98 108 441.9 479.8 438.2 

194 148 151 489.3 502.3 464.9 

242 246 259 537.7 521.7 480.8 

363 344 345 576.9 544.2 505.3 

484 492 432 622.2 563.9 532.1 

726 639 648 652.5 593.0 549.8 

 
Theory 
While it is commonplace to characterize IMS performance by reporting resolving power, 

the metric itself of resolving power is often used somewhat ambiguously in the literature. 

The term resolution is often used when resolving power is meant, and others often define 

resolving power in terms of CCS measurements instead of in the time domain. As stated 

previously, resolving power is defined as the drift time over the full-width half maximum 

of the peak, as below in Equation 1: 

𝑅" =
#!

$%&'
    (1) 

Despite its limitations resolving power serves as a comparison metric across different IMS 

platforms. Consequently, there is motivation to identify a theoretical model that will 

correctly predict resolving power. Siems et al. proposed such a model in 1994 based upon 

varying the gate pulse width, voltage, and temperature of the drift tube.25 This model 

assumes that the full-width half max of the peak originates from 3 places: the ion gate 

pulse width, thermal diffusion, and any contributions to an ion’s drift time such as the time 

spent traversing the ion optics of a mass spectrometer prior to detection. In the ideal form, 

there are no effects from outside the drift tube, and diffusion is predicted by the charge of 

the ion (z), the charge on an electron (e=1.602176 x 10-19 C), and the Boltzmann constant 
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(kb=1.3806488 x 10-23 kg m2 s-2 K-1). These variables combined with gate pulse width (tg), 

temperature (T), voltage (V), and drift time (td) determine the ideal full-width half-maximum 

in Equation 2: 

𝐹𝑊𝐻𝑀! =	 𝑡"! +
#!∗%&(	)*	!)

,-
./"

#

0
    (2) 

 

As is the case for most models, the ideal case is rarely achieved. Instead, Siems et al. 

propose finding variables (gate pulse width, diffusion, and factors outside the drift tube) 

that describe the contributions to the full-width half-maximum empirically.25 Empirically, 

these relationships transform into Equation 3: 

 

 𝐹𝑊𝐻𝑀! = 𝛾 + 𝛽𝑡"! + 𝛼
./"

#

0
   (3) 

 

Where 𝛼 is the diffusion term, 𝛽 is the gate pulse width term, and 𝛾 is the time spent 

outside of the drift tube. If the ideal form was obeyed, then each of the variables would 

respectively be, 𝛽 = 1, 𝛾 =0 (ms2), and 𝛼 = 0.957 x 10-3 Volts/ Kelvin. However, this method 

requires knowledge of multiple experimental parameters across the suite of experimental 

measurements that include varying temperature, voltage, and gate pulse width for each 

tube (which may not be practical for all drift tube configurations).  

 

Another notable effort to classify drift tube performance came from Kirk et al., where they 

inserted the derivative of Equation 2 with respect to voltage into Equation 1 to obtain the 

optimum voltage (Vopt) that would give the optimum resolving power of the drift tube.27 

The result is Equation 4 below: 

𝑉12/ = -3#!.
()*!)4$

,-5%#/&#
'

          (4) 

The variables and constants are the same as those in Equation 2 with the addition of the 

drift tube’s length (L) and the reduced mobility (K0). Through a few assumptions, Equation 
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4 can be inserted into Equation 1 and the ideal resolving power ratio to measure drift tube 

performance in Equation 5 is obtained: 

𝐼𝑑𝑒𝑎𝑙𝑖𝑡𝑦 = %
!&.7

-8()*,(,)-
# .
0()*,(,)-

         (5) 

Where Rmax,meas is the maximum resolving power captured within the range of voltages 

tested, Vmax,meas is the voltage at which Rmax,meas was measured, and T is the temperature. 

The ideality given here is a ratio of the drift tube’s performance over the “ideal” case and 

will be 1 where the drift tube performance is ideal. Equation 5 also assumes the charge 

state of the ion is 1 and instead the 1/26.4 term is changed if the charge is higher than 

1.27 However, Equation 5 also assumes the optimum resolving power for the tube is the 

maximum resolving power measured when varying the electric field strength during an 

instrumental characterization experiment.  

 

As a brief note, resolution as degree of separation between two peaks is defined below 

in Equation 6: 

 𝑅 = !(#!"$#!#)
(&"'&#)

       (6) 

Where td1 is the drift time of Ion 1, td2 is the drift time of Ion 2, w1 and w2 are the full peak 

widths of ions 1 and 2 respectively. R is the resolution, where partial separation of peaks 

occurs when R=1 and peaks are considered fully separated if R = 1.5.  
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Results/ Discussion 
Resolving Powers 
 

Table 3: The range of experimental resolving powers measured for the analytes for 
each tube. The average resolving power (and one standard deviation) reported is 
for all voltages measured at one gate pulse width per tube as follows: Tube A= 194 
μsec, Tube B= 148 μsec, Tube C= 151 μsec. 

 mini-PCBIMS 
(Tube A) 

FlexIMS 
(Tube B) 

Standard PCBIMS 
(Tube C) 

 Min Rp Max Rp Average Rp Min Rp Max Rp Average Rp Min Rp Max Rp Average Rp 

T3A 10.4 48.2 38 ±  8 16.1 61.9 49 ±  5 20.0  91.8 83 ± 7 

T4A 12.7 61.2 50 ±  5 19.0 65.8 54 ± 4 23.2  107 82 ± 8 

T5A 14.6 63.0 54 ±  5 21.7 69.2  58 ± 4 26.6 103 96 ± 4 

T6A 16.3 67.9 60 ±  5 24.0 69.8 62 ± 4 29.7  107 97 ± 3 

T7A 18.9 69.7 58 ±  9 27.3 72.4 64 ± 5 33.4 105 94 ± 8 

T8A 20.3 70.9 62 ±  7 29.4 74.6 65 ± 3 36.7 106 99 ±5 

T10A 21.8 73.4 65 ± 6 31.6 70.0 64 ±  2 41.9 89 74 ± 10 

T12A 24.7 77.9 63 ± 11 36.7 70.8 65 ± 5 45.9 108 81 ±15 

 

Evaluating the maximum, minimum, and average resolving powers in Table 3 and Figure 

2 highlights specific trends across the different drift tube constructions and explicitly 

includes the impact of gate pulse width and electric field strength. The mini-PCBIMS and 

FlexIMS have comparable maximum and average resolving powers in Table 3. While the 

average and range resolving powers in Table 3 are the same within a standard deviation, 

the second smallest gate pulse widths themselves differ by 50 μsec. Additionally, the 

FlexIMS and standard PCBIMS have comparable minimum resolving powers which are 

likely due to the similar length of both tubes. The maximum resolving powers for the 

FlexIMS is marginally lower than the obtained maximum resolving powers of 80 by both 

Smith et al. and Chantipmannee and Hauser.17,45 The maximum and average resolving 
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power for the standard PCBIMS is significantly the highest of all the tubes and is 

comparable to what has been previously reported using this IMS design with signal-

averaged mode.38,39 However, a closer examination of Figure 2 shows that the FlexIMS 

and the standard PCBIMS also have the most consistent resolving powers as a function 

of the gate pulse widths. For all tubes, the shortest gate pulse widths have the highest 

overall resolving powers (when there are enough ions present to generate a statistically 

significant peak for peak fitting); however, the highest resolving powers do not necessarily 

translate to the highest ideality (Figure 3). 
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Figure 2: Examining the plots of resolving power for T5A against the applied electric field 
for each drift tube, both the maximum and minimum resolving powers are shown as each 
trace is a different gate pulse width. To find the ideal resolving power ratio described by 
Kirk et al., the maximum resolving power for each gate pulse width used to calculate the 
ideal Rp is marked with a filled red marker.27 
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Figure 3: The ideality of the drift tube graphs calculated using the method described by 
Kirk et al. are presented here.27 The PCBIMS, both standard and mini, show similar trends 
and ranges of ideality; both reach a peak of close to 90% ideality at 150 μsec before 
declining as the gate pulse width increases. The FlexIMS reaches an ideality maximum 
of only 70% before declining. All tubes reach the lowest ideality ratio (between 20-50% 
depending on analyte) at the largest gate pulse widths. 
 

Using the maximum resolving powers from all species (such as T5A shown in Figure 2) 

and inserting those values into Equation 5 yields the data shown in Figure 3. For all drift 

tubes, the highest “ideality” is accordingly at the lowest gate pulse widths. The lowest 

“ideality” is at the largest gate pulse width and spans a similar range for all tubes (20-50% 

ideality depending on ion identity). However, there are two notable differences when 

comparing the tubes: the range of ideality the ions occupy per gate pulse width and the 

maximum percent ideality for each tube. For multiple ions in the mini-PCBIMS and 

PCBIMS designs, the maximum ideality is reached at the second smallest gate pulse 

widths, 194 μsec and 148 μsec, respectively. Because maximum ideality is not at the 

smallest gate pulse width, the gates are likely not operating as effectively as expected. 

The previously reported tri-state shutter gating scheme could be one possible solution to 

minimize gate depletion in the present designs and improve the ideality ratio and is a 

future topic worth examining.38,46 Additionally, with the PCB designs (both mini and 

standard), the maximum ideality is higher than the rest of the designs, reaching a 

maximum of >90% in both tubes. The standard PCBIMS design also boasts the highest 

resolving powers (Table 3) and the smallest range of ideality per analyte at lower gate 

pulse widths (12% difference in ideality).  
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However, the FlexIMS offers the most predictable levels of ideality where a linear fit could 

be applied to each analyte as a function of the gate pulse width. It is worth noting that the 

ideality of the flexible IMS from Chantipmanee and Hauser is 83% at a 200 μsec gate 

pulse width, higher than our results at even the lowest gate pulse widths we tested.45 

Their higher ideality is likely due to the higher resolving powers they achieved, but another 

very plausible explanation is due to the difference between their flexible drift tube design 

and ours. They modeled the pitch and width of the electrodes of their flexible drift tube 

after the standard PCBIMS design of Reinecke and Clowers presented here,24,45 and 

when comparing their flexible drift tube and our standard PCBIMS, both the range of 

resolving powers (Rp= 79 for T5A for 259 μsec in Figure 2) and the ideality of the tube 

(between 75-85% ideality for 200 μsec based on Figure 3) agree with each other. The 

similarities between these tubes indicates that the different pitch and width of the 

electrodes in our FlexIMS may explain why the performance differs compared to similar 

efforts in the literature (Table 1) and deserves a more thorough examination in the future.  

 
Figure 4:  Using the equation found by Kirk et al. in Equation 4, the optimum voltage for 
each gate pulse width was calculated.27 In addition, the range of voltages used in this set 
of experiments is within dotted lines shown. For the FlexIMS, PCBIMS, and mini-PCBIMS, 
the optimum voltage of only a few of the ions is within the voltage range used in the 
experiment. 
 

At medium to large gate pulse widths, all analytes for all tubes showed the same range 

of ideality. Specifically, for a single analyte, the ideality differs by less than 20% both for 

a single tube once gate pulse widths are larger than 300 μsec, and between tubes for the 

same analyte and gate pulse width. The broad distribution of idealities across all gate 

pulse widths could be due to gating inefficiencies, but another more likely explanation is 

shown in Figure 4. Figure 4 illustrates the optimum voltage that will give the maximum 
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resolving power for the tube (conditions under which it was tested) as calculated by 

Equation 4 graphed as a function of the gate pulse width. The actual range of electric 

fields tested in Table 1 is imposed as dotted lines marking the range of experimentally 

tested fields. Equation 5 assumes the maximum resolving power measured within the 

experiment is the maximum resolving power at the optimum voltage in Equation 4. If the 

measured maximum resolving power occurs at a different voltage than the result from 

Equation 4, the function that governs the ideal resolving power will be different from the 

actual function for the maximum resolving power. 

 

It is worthy to note that for the mini-PCBIMS, the FlexIMS, and the standard PCBIMS, a 

few analytes fall within the range for the optimum voltage for one or two gate pulse widths. 

For these analytes, the ideal resolving power is 65-70% for both the mini-PCBIMS and 

FlexIMS but is 75-85% for the standard PCBIMS. These should be considered the 

“percent idealities'' for these tubes since these maximum voltages fall within the range of 

the voltages tested. While the percent idealities are reasonable, it is worth noting possible 

inhomogeneous electric field effects around the ion gate may explain reduced 

performance than expected for the FlexIMS. Preliminary results show that when a few 

extra PCBIMS electrodes are placed between the gate and FlexIMS, resolving power is 

increased, which more closely approaches theory (Figure S10). The electric fields around 

the gates for the FlexIMS may also be optimized by adding a variable resistor between 

the last electrode on the kapton sheet and the gate itself to allow for fine-tuning the field 

around the gate. This approach may result in a further increase in resolving power that 

more closely approaches theory but requires further investigation.  

 

However, caution is warranted when judging a drift tube solely by how closely the 

resolving power matches the theoretical maximum in the ideality ratio for a few reasons. 

Most reasons arise from practical limitations. The maximum resolving power occurs at 

smaller gate pulse widths over a range of voltages depending on analyte (Figure 4). For 

ions with slower drift times the ion likely will not be detectable at the gate under these 

optimized experimental conditions due to combined factors of gate depletion effect and 

prolonged diffusion from longer drift times. For ions with faster drift times, the optimum 
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voltage may not be physically achievable due to dielectric breakdown concerns or the 

maximum voltage output from the available power supplies. Additionally, as illustrated in 

Figure 4, a wide range of electric field strengths would be needed to optimize every peak 

in a complex sample matrix at single gate pulse width. This is impractical for complex 

sample matrices or in cases where an analyte may have multiple peaks, e.g. proteins and 

other biologically relevant molecules. Finally, optimizing the voltage requires knowing of 

the mobility of the analyte before the experiment is conducted, which is a scenario that is 

not always true. While the ideality ratio in Equation 5 can be useful to guide a selection 

of experimental parameters, it should not be the only metric considered in choosing the 

best-suited DIY-IMS design. 

 
Resolution 

 
Figure 5: The resolution (separation of two peaks) between T5A and T6A as a function 
of gate pulse width (A) and electric field strength (B) are shown for all three tubes tested 
here. For all tubes, the highest resolution is at the lowest gate pulse widths. Resolution is 

largely constant as a function of electric field strength showing, in this case, separation 

between peaks is most dependent on gate pulse width. All peaks across all settings are 

baseline separated.  

 

Worthy of a quick note is the resolution (Equation 6) of all three tubes since resolution is 

closely related to revolving power. Figure 5 shows the resolution of all measurements of 

all tubes as a function of gate pulse width and electric field strength. Since the 
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measurements here were performed in a matrix and difficult to visualize, all electric field 

strengths (average and one standard deviation) are plotted for each gate pulse width in 

Figure 5A, and vice versa for gate pulse width and electric field in Figure 5B. T5A and 

T6A were chosen to compare resolution (separation of two peaks) since these two peaks 

have some of the highest peak intensities across all experimental settings and drift times 

relatively in the middle of the range of salts tested. Unsurprisingly, lower gate pulse widths 

increase resolution due to narrower peak widths. Resolution is unchanged by electric field 

strength within error because the averages in Figure 5B are the same and error is small 

in Figure 5A. Out of the drift tubes, the results are similar to the average resolving powers 

listed in Table 3. The standard PCBIMS has the highest average resolution (and highest 

average resolving powers) whereas the FlexIMS and mini-PCBIMS have the same 

resolutions as a function of gate pulse width and voltage within error. While resolving 

power is related to resolution, one metric may be of more value to experimentalists than 

the other based upon application.  
 
Measurement of Reduced Mobilities 
 

The last point of discussion for the comparison of these tubes is whether they can give 

accurate and precise reduced mobilities. Determination of accurate mobility values is an 

important metric of performance with regards to identifying unknown analytes, for 

instance identification of compounds relevant for security applications.11,44 Without 

accurate K0 values, unknown compounds cannot be correctly identified, despite how high 

the resolving power of the instrument might be. Furthermore, all tubes presented here are 

capable of measuring first-principles reduced mobility values. The exact length of the 

tubes is known (depending on accuracy of calipers), and ambient temperature and 

pressures are measured with a NIST-traceable atmospheric gauge. Therefore, the 

accuracy of mobility values from each of these tubes is dependent on the accuracy of the 

variables present in the reduced mobility equation. Stated differently, these tubes are not 

dependent on calibration techniques.  
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Worthy of note here is that since all these tubes are ambient temperature, the desolvation 

region’s length directly impacts the reduced mobilities. Shorter desolvation regions may 

result in smaller K0 values due to ions not being fully desolvated. No significant impact on 

the mobilities are observed due to the difference of 3.3 cm in the desolvation region length 

between Tubes A and B, and Tube C and the reference Naylor et al.39 However, TXA 

salts have been suggested as an appropriate IMS standard because of their low water 

binding affinity (i.e. they don’t like to cluster). While we did not observe differences in 

mobility related to clustering for all desolvation region lengths, the results may vary if other 

compounds with higher water binding energies are used when accessing appropriate 

desolvation region length.  

 

For all of the tubes in Table 4, the K0 values are within error of each other indicating that 

all tubes tested here give accurate values, despite minor differences in the average 

values. The K0 values are directly calculated using the parameters measured during the 

experiment (drift time, tube length, voltage, pressure, and temperature) and are not 

obtained from calibration; the average and error (one standard deviation) are obtained 

from all 36 GPW and voltage measurements performed on the tubes. Two additional 

clarifications are needed to bound the expectations of assessment of accuracy of these 

K0 values, however. First, Table 4 contains mobility values previously published from our 

group on a completely different instrument (PCBIMS-TIMS-TOF) as the literature mobility 

values.39 We are not saying we have the definitive “correct” K0 values for TXA salts, just 

that these values are used as the comparison for the results presented in this effort. 

Second, to our knowledge, there is no NIST-tracable IMS calibrant standard that can be 

used to fully assess IMS accuracy. With regards to precession, interestingly, the FlexIMS 

has the lowest error associated with the K0 values for all analytes suggesting that the 

shielding effect of the dogleg in the electrode design provides more consistent 

performance in drift times which results in more consistent mobilities.  
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Table 4: The average reduced mobility values of the analytes (cm2 V-1 sec-1) and 
length of the desolvation regions for each tube.  

 mini- PCBIMS 
(Tube A) 

FlexIMS 
(Tube B) 

Standard 
PCBIMS 
(Tube C) 

Naylor et al.39 

T3A 1.44 ± 0.02 1.440 ± 0.006 1.43 ± 0.01 1.444 ± 0.008 

T4A 1.23 ± 0.02 1.237 ± 0.004 1.228 ± 0.009 1.236 ± 0.008 

T5A 1.072 ± 0.009 1.074 ± 0.002 1.065 ± 0.007 1.073 ± 0.007 

T6A 0.950 ± 0.006 0.951 ±  0.001 0.943 ±  0.006 0.948 ± 0.007 

T7A 0.857 ± 0.006 0.859 ± 0.002 0.850 ± 0.004 0.855 ± 0.005 

T8A 0.784 ± 0.005 0.786 ± 0.001 0.778 ± 0.004 0.782 ± 0.005 

T10A 0.682 ± 0.004 0.685 ± 0.001 0.678 ± 0.003  0.681 ± 0.005 

T12A 0.624 ± 0.003 0.6257 ± 0.0009 0.619 ± 0.002 0.620 ± 0.004 

Desolv. Region 
Length 

7.6 cm 7.6 cm 10.9 cm 10.9 cm 

 

 

Conclusion  
Presented here are the results of comparing three distinctive drift tube designs evaluating 

them in terms of accurate/precise mobility values, resolution, and resolving powers. All 

drift tubes produced accurate mobilities for each analyte within a standard deviation 

compared to literature. The FlexIMS K0 values had the least error associated with them, 

likely due to the field focusing effect of the dogleg electrode design. As for resolving 

powers, the standard PCBIMS had the highest resolving powers (Rp > 90 at best for most 

analytes) and the highest resolution compared to the other IMS designs. Additionally, the 

ideality of each drift tube is evaluated according to the method proposed by Kirk et al.27 

By this metric for the analytes where the electric field sweep covered the optimum 

calculated voltage from Equation 4, the PCBIMS performed the best with 75-85% ideally 

compared to the 60-70% ideality of the mini-PCBIMS and FlexIMS. Depending on the 
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desired application of the IMS in question, the FlexIMS gives the most precise K0 values, 

whereas the PCBIMS gives the highest resolving power and resolution. The resolving 

power of these tubes can be further improved by implementing the tri-state shutter gating 

scheme as detailed by Kirk et al. but was not explored in this work.46 Additionally, all tubes 

have higher resolving powers, even at unoptimized conditions, than most commercial drift 

tube instruments (with a max reported resolving power of less than 70) and give accurate 

and precise mobilities of the analytes tested.13,47 The drift tubes’ performance presented 

here, therefore, offers a low-cost alternative for other forms of IMS instrumentation that 

provide comparable performance to commercial options. 

 
Associated Content: 
Supplementary Material: 
 The supporting document further detailing drift tube construction and results from 

the hybrid IMS design are included in the associated file. An example data set and the 

associated processing script can be found in the Supplementary Information.  Additional 

data sets associated with this manuscript are available upon request. Designs for the 

associated electronics and IMS electrodes can be found at 

https://github.com/bhclowers/OS-IMS.  
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