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ABSTRACT: The combination of ion-mobility (IM) separation with mass spectrometry (MS) has impacted global measurement 

efforts in areas ranging from food analysis to drug discovery.  Reasons for the broad adoption of IM-MS include its significantly 

increased peak capacity, duty-cycle, and ability to reconstruct fragmentation data in parallel, all of which greatly enable the anal-

yses of complex mixtures.  More fundamentally however, measurements of ion-gas molecule collision cross sections (CCS) are 

used to support compound identification and quantitation efforts, as well as study the structures of large biomolecules.  As the first 

commercialized form of IM-MS, Travelling Wave Ion Mobility (TWIM) devices are operated at low pressures (~3 mbar) and volt-

ages, are relatively short (~25cm), and separate ions on a timescale of tens of milliseconds.  These qualities make TWIM ideally 

suited for hybridization with MS.  Owing to the complicated motion of ions in TWIM devices however, IM transit times must be 

calibrated to enable CCS measurements.  Applicability of these calibrations has hitherto been restricted to primarily singly-charged 

small molecules and some classes of large, multiply-charged ions under a significantly narrower range of instrument conditions.  

Here, we introduce and extensively characterize a dramatically improved TWIM calibration methodology.  Using over 2500 exper-

imental TWIM datasets, covering ions that span over 3.5 orders of magnitude of molecular mass, we demonstrate robust calibra-

tions for a significantly expanded range of instrument conditions, thereby opening up new analytical application areas and enabling 

the expansion of high-precision CCS measurements for both existing and next-generation TWIM instrumentation. 

Surveys of biomolecular interactions in living cells suggest the 

presence of large intertwined networks that are critical to al-

most all cellular processes.
1-7

 Studying the roles and signifi-

cance of such interactions is fundamental for understanding 

systems biology, disease mechanisms, and developing new 

therapeutics to combat human disease. A critical step in under-

standing the functions of biomolecular complexes is determi-

nation of their structure. This can be challenging as many bio-

logically relevant compounds and assemblies are found in very 

low quantities within cells, are usually heterogenous, and may 

not exhibit strong binding affinities.
8,9

 Our efforts to catalog 

and classify various networks, as well as understanding their 

biophysical properties, are limited mostly by the  lack of tech-

nologies capable of assessing such interactions in a high-

throughput and reproducible manner.
9,10

 One technique that 

shows great promise for overcoming such limitations is mass 

spectrometry (MS), which has been routinely implemented to 

study a wide range of functional biomolecules, including me-

tabolites, proteins, and nucleic acids.
11,12

 Areas of inquiry in-

cluding metabolomics
13,14

, lipidomics
15

, and proteomics
16,17

 

have recently undergone dramatic expansions fueled by MS 

technologies that have enabled the creation of increasingly 

detailed maps of biomolecular interaction networks. 

A relatively recent technological addition to the pursuit of 

system-level biological insight is ion mobility (IM) coupled to 

MS (IM-MS)
18-21

, which combines a gas-phase separation of 

analytes according to their size, shape and charge with MS 

detection. IM works by introducing ions into a separation 

chamber which contains neutral gas at a controlled pressure. 

Under the influence of a weak electric field (E), ions undergo 

collisions with gas molecules.  The instantaneous velocity of 

an ion in the IM chamber consequently depends on the local 

electric field and its mobility K, which is in turn related to its 

ion-neutral collisional cross section (CCS).
22

 Some IM plat-

forms capable of providing measurements of CCS values are 

drift-tube IM (DTIM), travelling-wave IM (TWIM), differen-

tial mobility analyzers (DMA), and trapped IM (TIM).
23

 Sev-

eral research groups have used IM-MS to build libraries of 

CCS values
24-28 

 to be used as descriptors for identifying mole-

cules or constraints for generation of three-dimensional mod-

els.
29,30

 While such databases are of significant utility, difficul-

ties can be encountered when harmonizing measurements ac-

quired using disparate IM methods.
26

 For example, while the 

Mason-Schamp relationship
31

 describes DTIM directly, TWIM 

arrival times must be calibrated before CCS measurements can 

be obtained.
32

 Although the current TWIM calibration ap-

proach is straightforward and robust for small, singly-charged 

molecules, more general CCS calibrations covering a wider 

range of ion sizes and charge states can prove challenging, as 

appropriate calibrants and experimental conditions must be 

chosen for a given experiment.
32

  



 

TWIM, since its introduction in 2004
33

 and commercialization 

in 2006
34

, has been one of the most widely used IM platforms 

in academia and industry.
23

 TWIM separates ions using a se-

ries of DC waves in a gas-filled RF-confining stacked-ring ion 

guide. Ions of higher mobility are overtaken by the waves less 

often than lower-mobility species and travel faster, thus ena-

bling a mobility-based separation.
35

 This concept has given 

rise to multiple generations of IM-MS platforms and has ena-

bled recent advances in IM-MS technology that permit ultra-

high IM resolution experiments
36,37

. Although TWIM-MS 

provides an excellent platform for rapid gas-phase separation 

of ions, the complex motion of ions in TWIM devices has 

prevented direct calculation of CCS values from TWIM arrival 

times. However, studies have shown that the average ion ve-

locity achieved in TWIM separations correlate well with the 

CCS values from DTIM measurements, thus calibration meth-

ods were established.
32

 There has been an increasing effort to 

develop a theoretical framework to understand and obtain CCS 

values from TWIM arrival time distributions (ATDs). In 2008, 

Shvartsburg et al.
38

 derived expressions for average ion veloci-

ty and resolving power in TWIM separations. A computational 

framework was proposed by Mortensen et al.
39

 in 2017 to cal-

culate CCS values from measured TWIM arrival times. More 

recently, a semi-empirical relationship describing resolving 

power in TWIM across a range of travelling wave (TW) con-

ditions was obtained.
40

 Finally, a more complete study of the 

physics of TW resulted in a model for the motion of ions in-

corporating velocity relaxation as well as wave anharmonici-

ty.
41

 This study also proposed a calibration function incorpo-

rating velocity relaxation effects, and simulations predicted 

improved performance for large molecules compared with the 

power-law function that is currently used for TWIM CCS cal-

ibration. 

In this report we describe a new TWIM calibration method 

that yields CCS values of dramatically improved accuracy 

across a wide range of analyte molecules and TW conditions. 

This method uses a Bayesian approach to infer CCS values 

using a new function incorporating the effects of velocity re-

laxation and the radial distribution of ions. By basing the 

method as closely as possible on the known physics of the 

instrument, we minimize the number of calibration parameters 

and improve the fidelity of the resulting calibration. We 

benchmark this novel workflow using ca. 20,000 calibrations 

created using over 2500 experimental datasets including 

measurements of small molecules, lipids, peptides, proteins, 

and protein complexes taken under a wide range of travelling-

wave conditions. Taken together, our dataset spans 3.5 dec-

ades of molecular weight and evaluates 4 separate calibration 

functions. Overall, we demonstrate CCS values of 2-3 fold 

increased precision, over nearly all TWIM separation condi-

tions, using a simple combination of five ions for external 

calibration. Furthermore, our new formalism enables compre-

hensive CCS calibrations under TW conditions previously 

inaccessible by any method (e.g. wave height or velocity 

ramping) and extends to next-generation TWIM technologies 

(e.g. Cyclic IMS). This new approach is supported by a soft-

ware package designed to enable its rapid adoption and use by 

the IM-MS community. 

 

In an ideal experiment, the measured transit time of an ion 

through a TWIM cell would be sufficient to determine its ion 

mobility and, consequently, its CCS.  This is difficult in prac-

tice because the motion of ions in TWIM devices is compli-

cated. Challenges include the facts that practical implementa-

tions of TWIM currently utilize waves that move forward in 

steps rather than smoothly, and that the temperature and pres-

sure in the device are not usually known with sufficient accu-

racy. The established method of calibration of TWIM data
42

 

utilizes an empirically determined power-law relationship, 

equivalent to the following expression 

𝑣̅ion = 𝑣̅power(𝑏, 𝑐)  ≡ 𝑏 𝐾
𝑐 

where 𝑣̅ion is the measured average ion velocity in the TWIM 

device (corrected for known time offsets), K is the ion mobili-

ty calculated using the Mason-Schamp equation, and b and c 

are the unknown calibration parameters
1
. 

The combined theoretical and modelling approach underpin-

ning many of the advances in this study has been described 

elsewhere
41

. Below, we give a brief summary of the main re-

sults from this prior work together with some important new 

developments unique to this report. Overall, our aim is to con-

struct a practical calibration function which reflects current 

understanding of TWIM ion physics. . 

We begin by considering a TWIM device comprising an ideal-

ized one-dimensional, smoothly-moving travelling wave with 

constant wave velocity and height.  In the frame of reference 

of the moving wave, the motion of ions can be described in 

dimensionless coordinates using the following differential 

equation of motion (see Supporting Information Section 1) 

α
d2𝑧(τ)

dτ2⏟  
𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛

= −
d𝑧(τ)

dτ
− 1

⏟        
𝑚𝑜𝑡𝑖𝑜𝑛 𝑎𝑔𝑎𝑖𝑛𝑠𝑡 𝑔𝑎𝑠

+ γ sin 𝑧(τ)⏟      
𝑠𝑡𝑎𝑡𝑖𝑐 𝑤𝑎𝑣𝑒 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙

#(1)  

where 𝑧(τ) is the position of the ion as a function of the di-

mensionless time coordinate τ, 

𝛾 = 2𝜋
𝑉0

𝑣𝜆
𝐾,  𝛼 = 2𝜋

𝑣

𝜆

𝐾𝑚

𝑞
, τ = 2𝜋

𝑣

𝜆
 t 

𝑉0 is the wave amplitude, v is the wave velocity, λ is the wave-

length and 𝑚/𝑞 is the mass-to-charge ratio of the ion
2
. In 

small-molecule experiments under typical TWIM conditions, 

α is small, and the approximation α = 0 is often appropriate.  

In this case, the ion velocity in the laboratory frame of refer-

ence depends only on γ and is given by 

 𝑣̅ion = 𝑣(1 − ω0) where ω0 = √1 − γ
2. 

                                                 

 

1 Physical constants and uncertainty in the pressure and temperature 

used in the mobility calculation can be absorbed by the parameter c, and 
the calibration is more usually expressed in terms of a reduced cross sec-

tion and TWIM transit time. 

2 This equation equivalently describes the motion of a singly-charged 

effective particle of mass α and unit mobility subject to a gas moving in 

the negative z direction with unit velocity, a linear drag force, and a static 

sinusoidal potential of amplitude γ.
 



 

For larger molecules however, velocity relaxation effects cor-

responding to ion acceleration and deceleration cannot be ig-

nored and the measured cell transit time also depends on α 

and, therefore, 𝑚/𝑞.  Although (1) cannot be solved exactly in 

this case, it can be shown (extending previous results
41

) that 

for γ < 1 and small α the average ion velocity in the laborato-

ry frame is, to order α6, 

 

𝑣̅𝛼,6 = 𝑣(1 − 𝜔0)[1 − 𝛼
2𝜔0

2 − α4𝜔0
2(2 + 3𝜔0 − 6𝜔0

2) 

 − 
1

8
𝛼6𝜔0

2(49 + 81𝜔0 − 205𝜔0
2 − 341𝜔0

3 + 424𝜔0
4)]. 

 

This expression gives velocities matching numerical solutions 

of (1) to within 0.5% for α < 0.4.  However, for large protein 

complexes we often have α ∼ 1 and γ ≪ 1. We will therefore 

also utilise the following novel perturbative result obtained to  

order γ6 using the Lindstedt-Poincaré method 

 

 

𝑣̅γ,6 =
𝑣

1 + 𝛼2
[
γ2

2
+
γ4

8

1 + 10𝛼2 + 15𝛼4

(1 + 𝛼2)2(1 + 4𝛼2)
 

+
γ6

16

1 + 23𝛼2 + 234𝛼4 + 1171𝛼6 + 2291𝛼8 + 1620𝛼10

4(1 + 𝛼2)4(1 + 4𝛼2)2(1 + 9𝛼2)
], 

 

which is accurate to within 0.5% for γ < 0.55. A single ex-

pression for average ion velocity (that maintains the target 

accuracy for all conditions that are encountered in routine 

TWIM experiments) is obtained by combining these expan-

sions as follows 

𝑣̅blend =
γ𝑛

γ𝑛 + α𝑚
𝑣̅α,6 +

α𝑚

γ𝑛 + α𝑚
𝑣̅γ,6, #(2)  

where the choice 𝑚 = 8 and 𝑛 = 12 maintains accuracy rela-

tive to the numerical solution, as explained in the Supporting 

Information Section 1.  Despite their complexity, evaluation of 

these expressions is significantly more efficient than numeri-

cal solution of the equation of motion (1).  

For the reasons given above, the motion of real ions is not 

exactly described by (1), and we must therefore install flexibil-

ity into (2) to allow for practical TWIM calibrations.  To ac-

complish this, we have chosen to replace the parameters α and 

γ in (2) with 𝑎α and 𝑔γ respectively to give a function 

 𝑣̅blend(𝑎, 𝑔). These calibration parameters are expected to 

have values close to 1.0 which is helpful when fitting them 

numerically or in assigning prior probability distributions for 

Bayesian inference. 

In addition to the velocity relaxation effects described above, 

detailed modelling reveals that different populations of ions 

adopt different radial distributions in RF-confined TWIM de-

vices. For example, singly-charged peptide ions are generally 

less well confined than multiply-charged peptide ions of the 

same mobility (the confining RF effective potential scales with 

charge while the thermal kinetic energy of the ions does not).  

Consequently, they are on average closer to the electrodes and 

effectively experience higher-amplitude travelling waves (see 

Supporting Information Section 2). Our analysis suggests that 

this effect can be approximated by multiplying the average ion 

velocity by a correction factor to give 

𝑣̅blend+radial(𝑎, 𝑔, 𝑑) = 𝑒
𝑑/√𝑞  𝑣̅blend(𝑎, 𝑔), 

and 

𝑣̅power+radial(𝑏, 𝑐, 𝑑) = 𝑒
𝑑/√𝑞  𝑣̅power(𝑏, 𝑐) 

where d is an additional calibration parameter. 

Here, we investigate and compare calibrations obtained utiliz-

ing the forms 𝑣̅power(𝑏, 𝑐), 𝑣̅power+radial(𝑏, 𝑐, 𝑑), 𝑣̅blend(𝑎, 𝑔) 

and  𝑣̅blend+radial(𝑎, 𝑔, 𝑑).  Information regarding the parame-

ter-fitting procedures used is given in the Supporting Infor-

mation Section 3. 

 

A selection of proteins (under native and denaturing condi-

tions), peptides, lipids, small molecules and metabolites were 

prepared and analyzed as described in the Supporting Infor-

mation Section 4. 

TWIM data were collected in Waters Synapt G2 IM-MS and 

Waters Select Series Cyclic IMS instruments. Instrumentation 

details can be found elsewhere
35,36

. Ions were generated using 

nESI, and then pulsed into the TWIM cell. For Synapt G2, 

voltages throughout the instrument were optimized to transmit 

native protein ions without significant activation. The nESI 

source voltage was set within the range  1.0 – 1.3 kV for all 

ions. Backing pressure was set at 5 mbar for native protein 

ions. The source temperature was set at 25 C. The source 

cone and extraction cone voltages were set at 15 V and 0 V, 

respectively. Trap collision voltage was set at 5 V. Trap DC 

bias was set at a range of 35-40 V. Helium cell DC was set at 

35 V. IMS bias voltage was set at 10 V. The TWIM cell 

(length of about 25 cm) was operated at a pressure of ~3.4 

mbar (200 ml/min and 90 ml/min flow rates for He and N2, 

respectively) and ATDs were collected at a range of wave 

height and wave velocity conditions.  For cyclic IMS, data 

were collected using a single-pass separation with IM pressure 

of ~2 mbar N2. 

 

TWIM data from Synapt G2 were extracted using TWIMEx-

tract
42

. Experimental arrival time distributions (ATDs) for 

most ions used in this study comprised a single Gaussian dis-

tribution indicating a single set of gas-phase conformers
38,44

 

(Supporting Information Section 5). Cytochrome c 7+ ions had 

a bimodal distribution and we used the more intense, shorter 

drift-time distribution. The ATDs used in this study are not 

affected by TWIM conditions. For peptide and protein ions, 

the field strengths used here remain below the low field lim-

it
44

. Additionally, the large number of rotational and vibration-

al degrees of freedom in peptide and protein ions make ion 

heating unlikely in this study. For small molecule ions, ion 

heating could induce fragmentation
45

. To avoid interference 

from fragment ions, we extract the ATDs of the specific m/q 

values corresponding to the molecular ions. 

TWIM ATDs were first convolved with a Gaussian function to 

simulate a resolving power of ~10 for consistency with the 

reference CCS data. The resulting ATDs were then fitted using 

a Gaussian function to determine mean arrival times. These  

formed the input for CCS calibrations. 



 

Calibrations were created using the following functions: pow-

er-law; power-law+radial correction; blend; and blend+radial 

correction (see Theory section). Blend calibrations were car-

ried out using IMSCal (available from imscal.on-

demand.waters.com), a software package that uses Bayesian 

methods (Supporting Information Section 3) to produce cali-

brated CCS values and associated uncertainties. Prior proba-

bility distributions for blend function calibration parameters 

were assigned using a combination of theory, simulation and 

experimental data. Reference CCS values for calibration were 

taken from published databases
24,27

. Leave-one-species-out 

cross-validation was carried out by creating calibrant sets with 

one species eliminated (all charge states). The resulting cali-

bration is then used to predict CCS values for the eliminated 

ions. Power-law calibrations and data analysis were carried 

out using NumPy and SciPy libraries
46,47

. 

For all-molecule calibrations, the variable a was treated as a 

calibration parameter. For calibrations created using smaller 

sets of molecules, the dimensionless parameter a was either 

fixed at its natural value of 1 or scaled using an empirically 

determined function of wave velocity v 

 

𝑎 = 𝑎0 + 𝑎1𝑣 

 

Where 𝑣 is given in ms
-1

, 𝑎0 = 0.77 and 𝑎1 = 0.0004 sm
-1

. 

This linear scaling function for the variable a was empirically 

determined by observing the values taken by a in all-ion cali-

brations at various wave velocities.  Fixing a reduces function 

overfitting with smaller datasets and for those ions where ve-

locity relaxation is less prevalent (particularly small molecules 

and peptides). 

Measured TWIM arrival times comprise the drift time through 

the mobility cell and the time for the ions to pass through sub-

sequent gas cells, transfer optics and into the TOF analyser.  

We correct the measured TWIM arrival times for the time of 

flight into the pusher region of the TOF as described previous-

ly
42

. To account for the remaining time offset we include, in 

all calibration functions, an additional fitting parameter t0.  For 

the linear TWIM data presented here we expect 𝑡0 ≃ 0.6ms.  

Fitted values that differ significantly from this can indicate a 

poor calibration. The IMSCal software package (available 

from: imscal.on-demand.waters.com) automates and stream-

lines many of the process steps outlined above, and was used 

throughout the later stages of our data processing efforts. 

Figure 1 shows a comprehensive analysis of our results, sum-

marizing ca. 20,000 TWIM calibrations produced using an 

array of instrument conditions for a vast range of ions. The 

heat maps 1B-E show the percentage CCS RMSE obtained for 

calibrations created using all molecular species.  TWIM cali-

brations based on blend functions, 1D and 1E, significantly 

outperform the original power-law approach, 1B and 1C, at 

almost all TWIM settings, but most strikingly at high wave 

velocities where velocity relaxation effects are expected to be 

largest.  Incorporating radial corrections also results in a slight 

improvement of the blend results. It is remarkable that RMSE 

values of less than 1.7% and 1.5% are produced by the blend 

and blend+radial calibrations respectively. 

The histograms shown in Figures 1F-I illustrate the mean and 

standard deviation of the CCS deviations obtained for each 

species when it is omitted from the calibration set and treated 

as an unknown over all TW conditions. The unmodified pow-

er-law approach shown in Figure 1F is unable to simultane-

ously produce a good calibration for proteins and small mole-

cules when evaluated comprehensively with respect to TWIM 

wave height and velocity; CCS values for small molecules are 

underestimated while those for proteins are overestimated. 

When radial corrections to the power-law calibration are in-

cluded (Figure 1G) the small molecule and peptide results are 

improved, likely because it becomes possible to better recon-

cile the measured CCS values of singly and multiply charged 

small molecules.  However, CCS deviations of over 5% re-

main for small molecules and proteins.  Both blend functions, 

shown in 1H and I, perform significantly better, while the 

blend+radial calibration (Figure 1I) gives the best overall 

comprehensive TWIM calibration result. 

While the improvement observed for the blend+radial ap-

proach over the power-law calibration shown in Figure 1 is 

significant, the trends observed in the residuals (% CCS devia-

tions) require comment.  Although the residuals are small on 

average (below 2%), they are not stochastic.  Firstly, the semi-

empirical radial correction adopted here captures much, but 

not all, of the relevant ion transport physics.  Secondly, it is 

not always straightforward to obtain unambiguous centroid 

arrival times from ATDs for large ions such as proteins, which 

are typically broad and prone to multimodality.  Finally, we 

cannot rule out the presence of small (1-2%) systematic errors 

within the CCS databases used as reference values here (see 

Section 6 of the Supporting Information).  

While the construction of multi-class calibrations is an im-

portant demonstration of the improved capabilities of the new 

approach, most TWIM applications require calibration of only 

a single ion class.  Figure 2 contrasts the cross-validation CCS 

deviations obtained for all-ion calibrations with those for 

TWIM calibrations created within the individual ion classes. 

The majority of our cross-validation results are based on 

leave-one-species-out calibrations but, owing to the limited 

size of the data set, for the small molecule and denatured pro-

tein classes we use a leave-one-ion-out approach. 

For the all-ion data set (Figure 2A) the two blend calibrations 

outperform the power-law, as in Figure 1.  Since the small 

molecule ions studied here (Figure 2B) are singly-charged, we 

have omitted the results for the radially-corrected versions of 

the calibration functions. The power-law and blend functions 

perform nearly identically for this ion class, as no significant 

relaxation effects are predicted for ions in this m/z range. Note 

that almost all deviations for the calibrations performed on this 

ion class are less than 1%.  The peptide class (Figure 2C) in-

cludes 1
+
, 2

+
 and 3

+
 polyalanine ions, as well as 1

+
 and 2

+
 for 

the SDGRG and GRGDS peptides.  As such, we predicted that 

TWIM CCS calibrations for this class would exhibit sensitivi-

ty to radial position effects.  This is reflected in the improve-

ment detected in both power-law and blend calibrations when 

radial corrections are included (absolute % CCS deviation 

decrease from 1.25 % to 0.46 % and 1.44 % to 0.5 % using 

power law and blend function, respectively, when radial cor-

rection is incorporated).  Otherwise, we observe that the quali-

ties of power-law and blend calibrations are similar.  For dena-

tured proteins (Figure 2D) power-law functions generate 

slightly improved TWIM CCS calibration results when com-

pared with equivalent blend calibrations.  Given the small 

number of denatured protein ions, and the narrow range of 

https://imscal.on-demand.waters.com/
https://imscal.on-demand.waters.com/
https://imscal.on-demand.waters.com/


 

CCS values exhibited by them, the small differences (~1%) 

between the results shown in Figure 2D should be interpreted 

with caution, particularly when the additional radial parameter 

is included.  The native proteins (2E), for which we have al-

ready established the importance of velocity relaxation effects, 

exhibit significantly improved calibration results when the two 

blend functions are utilized. 

 

 

 

Figure 1. Performance of the calibration methods over an array of TWIM conditions.  Wave height and velocity were fixed at 

indicated values without ramping. A) Overview of the molecular classes included. The heat maps show the dependence of % CCS 

RMSE calibration error on TWIM conditions using calibration expressions B) power law, C) power-law+radial correction, D) blend 

and E) blend+radial correction.  In the blend calibrations, the parameter a was allowed to vary.  Plots F-I) show the corresponding 

CCS deviations obtained by leave-one-species-out cross-validation.  The solid bars represent averages over all TWIM conditions 

and the error bars show the standard deviation of the result. 



 

 

Figure 2. Comparison of all-molecule and single-molecule class 

calibrations produced using power-law and blend functions with and 

without the radial correction.  Results are plotted for all TWIM settings.  

In the blend calibrations, the parameter a was scaled according to equation 
(3). 

The data presented above was acquired at a series of fixed TW 

amplitudes and velocities.  In many applications, it is useful to 

dynamically ramp TW conditions to optimize the spread of 

arrival times within the available acquisition period.  Our cali-

bration approach must be modified to accommodate such 

ramping and recover accurate CCS values from the resulting 

TWIM data.  Details are provided in the Supporting Infor-

mation (Section 7), and the results obtained for blend+radial 

calibrations under such wave height or velocity ramped condi-

tions are comparable to those presented in Figures 1 and 2.  It 

is important to note that high-quality power-law calibrations 

are not typically achieved for samples containing a wide range 

of multiply charged ions when wave parameters are changed 

dynamically during IM-MS separation.  As such, the new cali-

bration methods reported here enable the collection of high-

accuracy CCS values for a significantly wider array of TWIM 

instrument conditions than previously possible. 

Approximate helium CCS values are sometimes obtained by 

calibrating IM measurements obtained in nitrogen using heli-

um reference values
42

.  As might be expected, the blend-type 

and radially-corrected calibrations introduced here result in 

helium CCS values of greatly improved accuracy and preci-

sion, particularly at high TWIM wave velocities for native 

proteins (see Supporting Information Section 8).  Furthermore, 

the results reported here were acquired on TWIM platforms 

that have near-sinusoidal traveling wave profiles, while previ-

ous generation TWIM instrument platforms (e.g. Synapt 

HDMS instruments) utilized pulse patterns that gave rise to 

highly non-sinusoidal waveforms
34

. To accommodate this, 

numerical rather than analytical interpolation must be used to 

arrive at final blended calibration terms.  Results for calibra-

tions of simulated non-sinusoidal TWIM data are given in the 

Supporting Information (Section 9), and significant improve-

ments are again observed when the new calibration forms de-

scribed in this report are applied to such data.  

We have also applied our new calibration functions to data 

recorded on a cyclic TWIM instrument.  By passing ions re-

peatedly through a curved TWIM ion guide, this instrument is 

capable of IM resolving powers in excess of 300.
36

 Details and 

results for single-pass cyclic experiments are given in Section 

10 of the Supporting Information.  Again, use of the 

blend+radial function leads to a significant improvement rela-

tive to the power-law calibration.  Our methods are also appli-

cable to multi-pass data, although uncertainties in the available 

reference CCS values currently limit the usefulness of cali-

brated, high-resolution IM measurements.  

Power-law TWIM CCS calibrations are typically performed 

using carefully selected calibrant ions that either match the 

molecular class of the analytes under investigation, or seek to 

bracket the expected ion mobilities of unknowns.  The above 

results suggest that, for blend calibrations, it should not be 

necessary to carefully match calibrants to analytes.  Further-

more, in routine applications, it is desirable to use a small set 

of calibrant species that can be prepared together in solution 

for rapid external calibration of IM-MS datasets acquired in a 

high-throughput mode.  We therefore consider the viability of 

using a limited calibration set to create high accuracy 

blend+radial TWIM calibrations for use with a wide range of 

analytes.  A mixture of large, multiply charged calibrant ions 

along with small molecule or peptide ions of low charge states 

(including 1
+
 species) is needed to capture both velocity relax-

ation and the radial offset effects in the blend functions. Based 

on this requirement we selected a combination of calibrants 

comprising native-like BSA (14
+
, 15

+
, and 16

+
) and reverse 

peptides SDGRG and GRGDS (1
+
 and 2

+
) ions, and used it to 



 

create blend+radial calibrations across all TWIM conditions as 

discussed above.  These calibrants could, for convenience, be 

prepared as a single solution and analyzed under native elec-

trospray conditions. 

Figure 3 shows the results obtained using this limited calibra-

tion set and the blend+radial function. The heat maps in Figure 

3A-D summarise the results for small molecules and metabo-

lites, peptides, denatured proteins and native proteins respec-

tively.  The maximum CCS RMSE observed here is 2.2%, 

which should be compared with a value of 1.5% obtained by 

calibrating using all ions present in our training set.  This re-

sult demonstrates the robustness of the blend function for 

TWIM CCS calibrations.   Power-law TWIM CCS calibra-

tions are notoriously challenging to extrapolate to ions that 

possess mobilities beyond the calibration set.  For the data 

shown in Figure 3, the largest CCS reference value used is 

~4500Å
2 

(BSA), while our test data contains GDH ions with 

CCSs of ~13500Å
2
.  Applying the original power-law function 

to this limited calibration set, we obtain a CCS RMSE of 

4.6%, more than double the maximum value that we obtain 

with the blend+radial function.  The performance of the 

blend+radial function is further illustrated in Figure 3E, which 

displays limited CCS deviation values when viewed compre-

hensively across all TWIM conditions.  Many selections of 

ions that satisfy the above requirement are possible.  An addi-

tional example is given in the Supporting Information Section 

11. 

Characterising the behaviour of these calibrations over a wide 

range of TWIM conditions is useful for the purposes of stress-

testing TWIM calibration methods.  In practice, however, 

TWIM conditions are typically optimized and a single set of 

conditions is used to perform TWIM CCS measurements. Us-

ing our comprehensive TWIM CCS calibration dataset, we 

surveyed all TWIM conditions to find those that lead to mini-

mized CCS errors for each compound class using the 

blend+radial function while still relying on our simple calibra-

tion mixture for CCS reference ions. Figure 3F and 3G dis-

plays the results of this survey in terms of CCS relative and 

absolute deviation values respectively. Our data reveals that 

there is no single set of TWIM conditions that is optimal for 

CCS measurements across all analyte classes.  Some trends, 

however, can be discerned in Figures 3A-D.  For example, 

peptide ions favour low wave amplitudes independently of 

wave velocity, while the small molecules seem to favour low γ 

(the ratio of wave amplitude over velocity) values. The lack of 

any strong wave velocity dependence for native protein ions 

indicates that the velocity relaxation corrective aspects of the 

blend function are performing as expected.  The statistical 

scatter in these results makes further assessment of any trends 

challenging.  Nevertheless, we are able to achieve CCS devia-

tion values of less than 1.5% across all ion classes under these 

optimized conditions, with the majority of data exhibiting 

CCS deviations between 0.5 and 1%, placing these TWIM 

CCS data well within the precisions recently reported for high-

quality drift tube CCS values
48

.  

 

Figure 3. Blend+radial calibrations created using the minimal calibration 

set consisting of 14+-16+ charge states of native BSA and reverse peptides 
SDGRG and GRGDS (1+ and 2+).  The heat maps show CCS %RMSE for 

each molecular class: A) small molecules and metabolites, B) peptides, C) 

denatured proteins, D) native proteins.  E) shows CCS deviations for 
individual ions.  F) and G) contrast results obtained for all conditions with 

those obtained using optimal conditions chosen for each class.  The 

parameter a was scaled according to equation (3). 

The results presented above support the comprehensive re-

placement of the power-law calibrations that have been used 

previously for TWIM CCS measurements with one of the new 

“blend” functions described here.  We have demonstrated the 

capabilities of these new calibration functions, derived directly 

from analytic solutions of the TWIM differential equation of 

ion motion (1), across three different TWIM platforms over a 

range of molecular classes and TWIM settings using an exten-

sive group of ca. 20,000 TWIM-MS calibrations.  Further-



 

more, our test dataset covers ions ranging from acetaminophen 

(151 Da) to GDH hexamer (318,000 Da), and evaluates four 

different calibration functions.  Our improved calibration func-

tions have two, three or four free parameters compared with 

the three parameters typically used in power-law calibrations. 

However they generally yield more robust, accurate and pre-

cise CCS results. This is most apparent for large, multiply-

charged ions under conditions for which velocity relaxation 

effects are significant, where wave height or velocity values 

are ramped, and where extrapolation of the calibration curve to 

CCS values that extend beyond the range of calibrant ions 

used is required. Optimized errors are 2-3 times lower than 

those currently achievable using state-of-the-art power law 

calibrations currently used on all TWIM-MS instruments.  

This means that it is possible, for the first time, to create high-

quality, all-analyte TWIM calibrations using a small selection 

of readily-available standards. 

The availability of generic calibrations at a wide range of 

TWIM settings is clearly enabling for high-throughput CCS 

measurements and removes the burden of selecting an appro-

priate calibrant for different ion classes or experiments.  Alt-

hough it is tempting to look for empirical modifications of our 

calibration functions that could further reduce residuals, we 

have resisted this impulse for two reasons.  Firstly, the addi-

tion of new parameters increases the risk of overfitting, partic-

ularly given that some regions of CCS-m/z space are sparsely 

represented in our current calibration set.  Secondly, with 

these improvements, the magnitude of the residuals we detect 

in our data is comparable to the accuracy reported for availa-

ble reference CCS values (and the differences between values 

from different sources).  It would be meaningless to report 

calibrated accuracies below those of the reference values (cur-

rently 1-2%).  Nevertheless, the high precision of TWIM 

measurements (typically below 1%) combined with the in-

creasing resolving power of modern IM instrumentation 

means that there is opportunity to make further progress.  This 

will require a broader engagement by the IM community, 

where the careful selection and higher-accuracy measurement 

of appropriate reference compounds having a wide range of 

CCS and m/z values on multiple instrument platforms is de-

ployed to create a new generation of IM primary standards. 

 

Further details are given in the Supporting Information PDF doc-

ument.  Section 1: Constructing the “Blend” Analytical Approxi-

mation. Section 2: Radial Correction to Average Ion Velocity. 

Section 3: Bayesian CCS Calibration. Section 4: Materials and 

Reagents.  Section 5: Reference CCS Values. Section 6: Ramping 

of Travelling Wave Parameters. Section 7: Obtaining Approxi-

mate Helium CCS Values from TWIM Experimental Data Ob-

tained in Nitrogen. Section 8: IMS Calibration on Synapt. Section 

9: Calibration of Cyclic IMS data. 10: Alternative Minimal Cali-

bration.  This material is available free of charge via the Internet 

at http://pubs.acs.org. 
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