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Abstract—Continuous power supply for wearable electronics can be facilitated using wireless power transfer (WPT). We use a 

3D knitted helical coil as the receiver coil in the wrist or the waist of a garment. This 3D knitted helical coil is a novel approach 

to integrate coils in garments that maintains full flexibility of the garment. Measurements and simulations of coil-coil coupling 

give compelling evidence of the feasibility of this approach for wearable WTP. The coupling factor between a closely wound and 

knitted coil is found to be ~0.25 and ~0.55 for adjacent coils for a knit in the border of a cuff and waist, respectively. Using a 

simple circuit, we demonstrate a 30% efficiency between a closely wound transmitter coil worn on the wrist and a 3D knitted 

helical receiver coil integrated in the cuff of a garment at 6 mm distance.  

 

Index Terms—knitted coils, e-textiles, flexible coils, magnetic coupling, WPT 

 

1. Introduction 

 

Smart wearable garments are increasing in popularity, driven by body-sensor-networks [1] often aimed at real-time and 

continuous fitness and health monitoring applications [2]. Commercial products have been launched, exploiting these new 

opportunities and the market forecast in smart wearables looks very promising [3]. Notwithstanding this success, there are still 

many problems remaining before large scale uptake in the consumer market or medical diagnostics will be achieved. The 

integration of electronics into fabrics and yarns often reduces their wearability and aesthetics and the need for power supplies 

reduces their autonomy. These two challenges are directly related to the contents of this manuscript. There is a need for portable 

power supplies to avoid interruption of the sensing activities to charge a battery pack at the mains. One method to achieve this is 

wireless power transfer (WPT) [4,5] between a primary body-worn coil connected to a small battery and a secondary flexible 

wearable coil in a garment that picks up the power and transfers it to the body sensors’ location. Different approaches have been 

proposed for integrating coils into garments. Spiral inductors have been screen printed on fabrics making flat coils [6,7,8]. In [6] 

planar coils were integrated into fabrics by printing conductive tracks on top of a fabric in a 14 cm × 14 cm area. The printed coil 

retained most of the elasticity and flexibility of a traditional garment and successful DC/DC WPT was demonstrated with an 

efficiency of 37% at a distance of 5 mm. Equivalently, spiral inductors can be made by embroidering with conductive wire 

[6,9,10]. In [11] and [12] resonant coils were made of conductive yarn embroidered on nonwoven polyester fabric with a 

maximum transmission efficiency of ~50% when worn around the ankle or wrist. The embroidered receiver coil [11] was 14 cm 

in diameter and had 10 turns. The transfer power efficiency was on average 45% with a distance between coils of less than 6.5 

cm. In addition, the power in these applications was scavenged from body movement making it completely autonomous. 

Similarly, thermoelectrics, exploiting body heat [13], can be used as a power scavenging method.  

Whilst woven and non-woven fabrics are used in planar coils, in [14] metal was inlaid into the bottom of a knitted “jumper”, 

making a helical coil with 28 turns and a diameter of 58 cm. This approach loses the flexibility that is traditionally expected from 

a garment but showed an efficiency of 30% at a distance of 20 cm. The cylindrical nature of many body parts offers 

opportunities for WTP using 3D helical coils integrated in clothing knitted in cylinders fitting the body. In this work, we 

investigate the magnetic coupling between a wound helical coil or a 3D knitted helical coil and another 3D knitted helical coil. 

Magnetic coupling is the basic requirement for WPT. In our implementation, we knit cotton yarn and a thin insulated Cu wire 

simultaneously in the round as proposed originally in [15] and illustrated in Fig. 1. Circular weft knitting must be used such that 

the metal wire runs continuously through all knitted rows to make the windings of the helical coil. We have shown that these 

round-knitted 3D helical coils behave similarly to classical wound helical coils for windings up to at least N = 10 (N is equivalent 

to the number of knitted rows). The resistance of the knitted coil is higher than a classical wound helical coil due to the 

horseshoe character of the stitches in the knit. On the other hand, this horseshoe character gives the knit its elasticity 

notwithstanding the non-elasticity of the yarn and wire. We use thin Cu wire with polymer insulation (total diameter ~250 m) 

that is inexpensive and easily bendable. We analyze the performance of individual knitted coils and the coupling between two 

coils in function of knit parameters: stitch type, gauge, number of windings N, coil diameter D and distance between coils d. We 

extract empirical coil and coupling equations from the measurements. In addition, we extend our knitted coil model [15], 

implemented in MathematicaTM [16], to simulate the magnetic coupling between two coils as a function of distance and diameter 

by implementing the Neumann equation for mutual magnetic coupling. The horseshoe undulations of the stitches are 

parameterized on top of a helix. The metal wire in the simulations does not have a thickness but the forwards and backwards 

movement of each stitch, because of the cotton yarn thickness, is taken into account. Geometrical parameters used in the 

simulations are based on measurement of the knitted coil. This implementation gives information on coupling behavior that is 

specific to knitted coils and can be used to support knit design for future applications. The simulation results were found to be in 



 

close agreement with the measurements. Finally, we demonstrate the 3D knitted helical coil’s feasibility for WPT using the 

coupling between a wound wrist coil and a knitted cuff coil. The attraction of this implementation is that the coil is fully 

integrated in the garment during its fabrication process. It does not hinder aesthetics, nor does it hinder elasticity or wearability. 

 

 
Fig. 1. (a) Illustration of knitted coils in a garment (1). The borders of the garment (2) & (3) are knitted in the round with thin insulated Cu wire (4) 
and cotton (5) forming the receiver coil(s). Around the wrists or hips, a helical, closely wound coil (6) can act as the primary coil, e.g. in a watch or 
belt implementation, respectively. (b) top: schematic drawing of the stitches in a stockinet and 1/1 rib knit with identification of the knit parameters. 
The red line (color online) is the Cu wire. N is the number of rows in which the Cu wire is integrated. Bottom: simplified drawing of WTP between a 
closely wound coil and a 3D knitted coil in the cuff of a sleeve. 

 

2. Characteristics of knitted coils 

 

In this section, we present the characteristics of single 3D knitted helical coils and derive empirical formulae for self-inductance 

and resistance. Knitting offers a wide variety of stitches and stich combinations that have a subtle influence on the characteristics 

of the knitted coil [15, 17]. Standard knits are constructed with knit and purl stitches [18], simple combinations of which give rib 

or stockinet patterns. In 1/1 rib patterns, purl and knit stitches are alternated within one row. In stockinet, purl and knit stitches 

are alternated between subsequent rows. Rib is most often used to define the borders of a garment for its simplicity and excellent 

stretch and stability properties [19].  

Analytic expressions for the self-inductance of helical wound coils with a circular cross-section predict a quadratic dependency 

on number of windings, N and a non-linear dependency on radius r of the form [20, 21]: 

𝐿 = 4𝜋𝑁2𝑟 × 𝑓(𝑟, 𝑎)  (1) 

with a the radius of the wire and f(r,a) a logarithmic function of r that is a simplification of the complete elliptic integrals 

involved. 

The resistance of a wound coil is a linear function of the coil radius and the length of the coil, influenced by its pitch. To first 

approximation (small pitch) R is given by: 

𝑅 ≈ 2𝜋𝑟𝑁𝜌/𝑎2  (2) 

with  the resistivity of the Cu wire. This equation ignores any radiation, skin and proximity effect [22], acceptable when using 

thin wires and low frequencies. 

The unloaded coil quality factor gives an indication of the losses in the coil: 

𝑄 =
𝜔𝐿

𝑅
  (3) 

with  = 2  f, the pulsation. 

All measurements are carried out using a Wayne Kerr 6500B precision component analyzer with an ac bias of 50 mV and for 

single coil measurements at a frequency f = 100 kHz. The coils are held on cardboard cylinders. The self-resonance of the coils is 

> 20 MHz and far away from the measurement frequency. Measurements are carried out for the simple wound coils as well as 

knitted coils in both 1/1 rib and stockinet pattern for 1 ≤ N ≤ 10, for different gauge and a diameter, D = 6.8. This diameter is 

approximately a comfortable wrist diameter of an adult male. The yarn used is 4 ply cotton for needles 3 - 3 ¼ mm. All samples 

are knitted with 3 mm needles by hand in the round except in the study of the influence of the gauge.  

Table 1 gives the influence of the stitch pattern on the self-inductance L, series resistance R and the quality factor Q of the coils. 

Power fits to the measurements are used to extract self-inductance trends as a function of number of windings. Linear fits are 

used for the resistance.  

The power factor for the wound coil is 1.8, close to the standard analytical equations expected for helical coils, eq. (1). The 

power factor for the knits is lower at 1.3. This is the result of the larger distance between the courses (rows) in the knit than the 

closely wound coil, decreasing magnetic coupling. The pre-factor, a function of the radius of the coil and the wire, is higher for 

the knits. This indicates a different dependence on radius, influenced by the horseshoe character of the knit, especially at the 

points where the yarn of adjacent stitches overlap. We also observe that the self-inductance of the 1/1 rib is higher than that of 

(a) (b) 



 

the stockinet, consistent with previous reports [15, 17] and also related to yarn crossings between stitches in a row. The 

resistance shows the expected linear variation with number of windings, N. Any offset from zero at N = 0 is due to the lead-in 

wires to the coils and incomplete stripping of the insulation of the Cu wire. The resistance of the knit is approximately 4 times 

larger than the simple wound coil due to the extra wire needed for the horseshoe shapes of the stitches. The length of the yarn 

needed for rib stitch tends to be slightly higher than that for the stockinet. The quality factor, Q indicates that using the 1/1 rib 

might be preferable to using stockinet. Thus, in the following study, only 1/1 rib stitch will be used. Further improvement of the 

quality factor can be obtained by skipping metal wire from some of the stitches to reduce the resistance of the knit. This leads to 

less wire used but also leads to a reduction in self-inductance and stretchability. 

 
Table 1 
Summary of the equations for self-inductance L and resistance R as a function of number of windings, N for D = 6.8 cm and different stitch types. 
Q is derived by ignoring the wire access resistance. The first column shows pictures of the different coils, the second column gives the schematic 
drawing for the stiches used (the top one is a simple Cu winding). 

Picture of coil implementation Coil type L (H) R () Q/ (1/rad) 

 

closely wound 
 

0.3 N1.8 0.3 N + 0.09 N0.8 

 

1/1 rib 

 

 

0.8 N1.3 1.2 N + 0.28 0.67 N0.3 

 

Stockinet 
 

 

 

0.6 N1.3 N + 0.22 0.6 N0.3 

 

In knitting, gauge – the number of stitches required per cm length and width – is an important factor influencing drape, 

stretchability and aesthetics of the resulting garment [23]. Its influence on L and R was investigated by using the same yarn but 

different sized needles in a coil with N = 5 and D = 6.8 cm. Only stockinet was used as it enables easy measurements and 

visualization of the impact of the variation in gauge on the presentation of the garment. The gauge for rib will be different but its 

impact on coil characteristics follows the same trend with needle size. The results are given in Table 2.  

 
Table 2 
Influence of gauge on coil parameters. The knitted coils have N = 5 and D = 6.8 cm. Lg gives the number of stitches in the length (wale) of the 
garment and Wg in the width (course). For clarity, the knit picture in the table does not contain the Cu wire. 

Picture of knit 
Needles 
(mm) 

L (H) R () 
Lg 

(st/cm) 
Wg 
(st/cm) 

 

 

 

4 

 

 

4.94 5.02 2.9 2.1 

 

 

3 
 

 

4.87 5.06 3.6 2.5 

 

 
2 

 
 

4.75 4.85 5.1 3.1 

 

Increasing the gauge (Lg & Wg), decreases the self-inductance of the knitted coil and decreases its ability to stretch. The closer 

lying courses with increasing gauge would result in higher L. Since the measurements do not support this intuition, we postulate 



 

that stitch crossover points in the wale direction reduce L due to the opposing direction of the current in these segments. The 

limited sample length used for the different gauges does not allow a clear picture for the variation of R with gauge but there is 

indication that a lower gauge requires longer length of wire and increases the resistance. 

 
Fig. 2. Measurements of the self-inductance of the coils as a function of number of windings for 6 different coil diameters, D = 5.5, 6.8, 10.8, 12.7, 
15.9 and 23.6 cm. L is smallest for the smallest D and its increase with D is monotonic. The dashed lines are the power fits to the measurements 
(full markers) for the knits and the full lines (empty markers) are for the wound coil. Lk,w in the legend is for knitted and wound coil, respectively. 

 

To derive empirical formulae for L and R, 3D helical coils were knitted in 1/1 rib for a wide range of coil diameters D = 5.5, 6.8, 

10.8, 12.7, 15.9 and 23.6 cm as a function of windings N. The two smallest diameters are for a female and male wrist cuff, 

respectively. The larger diameters are for a variety of female and male waist bands. The number of stitches in each coil is 

adapted according to the gauge for 3 mm needles. Fig. 2 gives L of the wound and knitted coils as a function of N for different D. 

The dashed lines are the power fits to the knitted coils and the full markers are the measurements. The full lines through the 

empty markers are the measurements for the closely wound coil. For all diameters, the power factor for the knitted coil is found 

to be close to 1.3 and for the wound coil close to 1.75, consistent with previous measurements (Table 1). The pre-factor however 

is dependent on coil diameter as expected from eq. (1). We fit a linear function to the diameter, D. This approach is less complex 

than that reported in [20, 21], as for r > 20 × a, the factor 𝑓(𝑟, 𝑎) in eq. (1) can be linearized. 

Thus, the analytical equation for L of the wound and knitted coils follows, to good approximation, the following formula: 

𝐿 = (𝛼 × 𝐷 − 𝛽) × 𝑁𝛾 (4) 

D is the diameter in cm and N is the number of windings. The parameters , ,  are given in Table 3. 

The resistance (measurements not shown) varies linearly, as expected. The fits through the measurement, subtracting the leads 

and contact resistances, give a resistance formula: 

𝑅 = 𝜅 × 𝐷 × 𝑁 (5) 

with constant  given in Table 3. 

Combining eqs. (4) and (5) gives an empirical expression for the quality factor: 

𝑄 =
𝜔(𝛼×𝐷−𝛽)×𝑁(𝛾−1)

𝜅×𝐷
  (6) 

 
Table 3 
The constants for the empirical formulae of L and R. 

Coil type  (H/cm)  (H)  𝜅 (/cm) 

Knit 0.13 0.113 1.3 0.17 

Close winding 0.065 0.128 1.75 0.09 

 

These results show that standard closely wound and knitted coils follow a similar behavior for L and R as given by eqs. (1) and 

(2). The larger separation of the windings and the overlap between yarn for adjacent stitches is causing a difference between the 

knitted coil characteristics and the standard wound coil, leading to lower power factors and a higher pre-factor. Knitted coils will 



 

always have a higher resistance than wound coils, decreasing their quality factor. This less desirable feature is the consequence 

of most coil implementations on fabrics that need to remain flexible. 

 

3. Inductive coupling with knitted coils 

 

Measurements of the coupled coils are carried out with two coils on the same cardboard cylinder with a distance measurable in 

steps of 5 ± 1.5 mm. If the second coil is shorted and the measurement frequency, f = /2 is chosen within the range given by 

[24] (see supplementary data): 
𝑅1

𝐿1
< 𝜔 < 𝜔𝑟𝑒𝑠 & 

𝑅2

𝐿2
< 𝜔 < 𝜔𝑟𝑒𝑠  (7) 

then the mutual inductance M can be extracted from: 

𝐿𝑚𝑒𝑎𝑠 = 𝐿1 −
𝑀2

𝐿2
 (8) 

𝑀 = √(𝐿1 − 𝐿𝑚𝑒𝑎𝑠) × 𝐿2 (9) 

with Lmeas the inductance measured on the first coil and L1 and L2 the self-inductance of first and second coil, measured 

independently. 

The coupling factor k can be extracted from: 

𝑀 = 𝑘√𝐿1 × 𝐿2  (10) 

and takes a value between 0 and 1 with larger values indicating stronger coupling. For the coils used in this work, the lower 

boundary for the measurement frequency f = /2 in eq. (7) is ~0.3 MHz. The self-resonances of the knitted coils are fres > 20 

MHz. The measurements are carried out at ~5 MHz, within the range given by eq. (7).  

Measurement errors are related to the distance between the coils because the knit never starts with the metal wire in row 1 but is 

included in row 3 to avoid the knit set-up to influence the inductance (see Fig. 3). Thus, when putting the coils at a distance d = 0 

cm (adjacent), the knit needs to overlap the wound coil by the 2 first rows, making the distance reading less accurate. In addition, 

the wire is never positioned in the same manner in all stitches thus if the two coils are adjacent then the distance can still vary 

between a minimum of twice the wire insulation (~150 m) and a maximum of the diameter of the yarn (~3 mm). 

Notwithstanding this variation in zero point, the measurements show smooth variations in function of the different parameters 

that are studied.  

 

 
Fig. 3. (a) Gives the knitted coil shape for the simulations and the definition of d = 0 mm between wound and knitted coil. Color online: the green is 
the first knitted row with metal. (b1) The position of the wound coil with respect to the start of the knit. It consists of a set-up row and two rows 
without wire. These two rows impose a distance of ~6 mm between primary and secondary coil. b2) Schematic drawing of b1). (c1) The d ≈ 0 mm 
position for the knit is defined when the knit is shifted upwards over the wound coil to reach a position where the wound coil can be seen through 
the gap of a stich above the 1st knitted row with metal wire. c2) Schematic drawing of c1). The red lines in b2) and c2) are an illustration of the Cu 
wire path of the primary wound coil.. 



 

The second error is introduced in the approximations of equation (9). The error on the lower boundary is negligible but the error 

caused by the broad self-resonance (low Q) can be expected to be larger for larger coil diameters that shift fres to lower values. 

 

4. Simulations 

 

To validate the measurements, gain insight in the behavior of the knitted coils and to avoid the need for having to characterize 

multiple knits in future designs, our MathematicaTM [16] implementation used in [15] was extended to include mutual 

inductance, M calculations as a function of knit parameters. The simulation of the knit can be tuned by geometrical parameters 

that are derived from measuring the knitted samples and include: number of stitches per winding, number of windings, the 

internal diameter of the knitted coil, the thickness of the knit, the distance between the windings and the ratio of the length of the 

knitted coil to the wound coil. These parameters allow stretch and gauge to influence the calculations. An example of a part of 3 

windings of a simulated knit is given in Fig. 3(a) showing three stitches in 3 rows. 

In [18, 27] eq. (11) for the self-inductance was used: 

𝐿 ≈
𝜇0

4𝜋
(∯

𝑑𝒙1∙𝑑𝒙2

|𝒙1−𝒙2|
)

|𝒔1−𝒔2|>𝑎
2⁄

 (11) 

with 0 the permeability of vacuum, a the wire diameter, l its length and s measures the length along the wire. This approach 

showed good first order agreement with the measurements of single knitted coils.  

Eq. (11) is derived from the Neumann expression for mutual inductance, given by: 

𝑀 =
𝜇0

4𝜋
(∯

𝑑𝒙1∙𝑑𝒙2

|𝒙1−𝒙2|
)   (12) 

Eqs. (11) and (12) are very similar with the simplification in (12) that x1 and x2 are positions on different coils and no condition is 

placed on the wire diameter. Therefore, the denominator no longer goes to zero in the calculation of M.  

To increase simulation speed of these complex 3D structures the approach taken is to simulate the coupling between a line 

segment of the wound coil and a stitch of the knitted coil. Summing all these coupled pairs gives M. Results for pairs that are 

related by rotational symmetry are re-used. To further speed up the simulations, interpolation along the axes of the coils is 

applied. When comparing the coupling between two wound helixes, MhH - one closely wound (coil 1) and one with windings at a 

distance of half a stitch height (coil 2) – with that of coil 1 and the knitted coil, MhK, we discover that the difference between the 

two is mainly due to pairs in close proximity. This means that simulation speed can be further increased by simulating MhH and 

adding a correction factor that takes the stitch shape for closely spaced pairs into account to obtain MhK with an error smaller than 

0.5% for N > 2. Thus, for a knitted winding “far” away from coil 1, the influence of the horseshoe character becomes negligible 

small and the coupling is similar to coupling between 2 helixes with metal wires (as in MhH). This also leads to the realization 

that the wire shape in the wale direction – parallel to the knit direction – has an impact on the coupling between the coils. 

 

5. Analysis of the mutual inductance 

 

Results of the measured and simulated value M as a function of number of windings, N and coil diameter, D are given in Fig. 4 

for adjacent coils. 

Fig. 4 confirms that simulations and measurements show the same trend in behavior. Variations in absolute value are mainly due 

to measurement errors as described in section 3. The errors due to variations in stitch shape in the simulations were shown to be 

smaller than those due to distance inaccuracies in the measurements. 

M increases with N but flattens at higher N. This is because the coupling between coil 1 (closely wound coil) and the windings in 

the knit further away in distance, is decreasing fast with distance d. M varies approximately linearly with diameter (for larger 

diameters).  

 



 

 
Fig. 4. (a) Measurements and simulation of the mutual inductance M between a standard closely wound coil with N = 10 and a knitted coil as a 
function of number of windings, N for the knit. The coils are adjacent. Measurements are given by markers: diamonds: D = 5.4 cm and triangles: D 
= 15.9 cm. Simulations are full lines. (Online color: blue (diamonds) D = 5.4 cm and red (triangles): D = 15.9 cm). (b) Measurements (markers) and 
simulations (line) of M as a function of D for adjacent coils for N = 5 in the knit. 
 

Fig. 5 gives the measured (a) and simulated (b) values for the coupling factor, k for D ≈ 6.8 cm and different values of N in the 

knit. Similar results were obtained for the other diameters (summarized later). The results in the simulations start from 3 mm to 

take the error in d in the measurement into account (see Fig. 3). The absolute values of k are similar in measurement and 

simulation and are around k ≈ 0.25.  

 
Fig. 5. (a) Coupling factor, k for D = 6.8 cm as a function of distance, d for all knitted coils with 1 ≤ N ≤ 10. 0 cm is where coils are in close 
proximity without overlapping (see Fig. 3(c)). b) Simulation of the coupling factor, k for the situation in a). Due to the difference in d = 0 mm 
between measurement and simulation, d = 3 mm is chosen to represent a). The inset shows the sensitivity of k at small separation distances. The 
color coding for N is the same for (a) and (b). 

 

The inset of Fig. 5(b) shows the high sensitivity of k to d for distances smaller than 3 mm. The trend of k predicted by the 

simulations clearly indicates that for N = 1 and 2 the variation with d is different to those with higher N. This confirms the 

measured trends where k for N = 1 and 2 are also lower in value. The reason is the local impact of the knit stitch shape that is not 

averaged out at low N. An interesting observation is that the coupling factor k for all coil diameters for N ≥ 3 remains 

approximately constant. This is because for higher N, the additional windings in the knit lie further away from coil 1 and thus the 

magnetic coupling decreases and the influence of stitch shape too. This can be used when designing coils for sensors. To 

maintain a high Q, the number of rows (N) in a knit can be limited to N = 3 to 5.  
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Because the change in behavior of k as a function of d for N ≥ 3 is small, the average of <k> for N ≥ 3 is plotted in Fig. 6 for both 

the measured (a) as well as the simulated (b) values and both for adjacent and overlapping coils. In the case of overlapping coils, 

the knitted coil overlaps the wound coil approximately symmetrically. In the simulations, the diameter of the knit is increased by 

1 mm when it overlaps coil 1. This is a situation easily achieved in reality when the cuff of a garment overlaps a wristband coil. 

The fits to the measurements and simulations give a logarithmic dependence on D, leading to semi-empirical formulae for the 

coupling factor as a function of D (for N ≥ 3): 

𝑘 ≈ 0.2 ln(𝐷) − 0.06 for d ≈ 0 cm (adjacent coils). (15) 

𝑘 ≈ 0.14 ln(𝐷) + 0.19 for overlapping coils. 

For large diameters and overlapping coils, strong coupling is observed of the order of k = 0.6. Differences in absolute value 

between measurements and simulations are mainly due to errors of the exact distance between the coils in the measurements. 

 

 
Fig. 6 (a) Coupling factor k as a function of coil diameter. The transmitter coil (1) is closely wound, N = 10 and the receiver coil is a knit. <k> is the 
average of k for N = 3,4,5,6,7,8,9,10. Diamonds are for adjacent coils and squares for overlapping coils with the wound coil in the middle of the 
length of the knitted coil. (b) The results of the simulations for (a). The dashed lines are logarithmic fits to the data points. 

 

To complete the study, M between two knitted coils was also measured and simulated (using stitch pairs). The results are given 

in Fig. 7. 

 
Fig. 7. (a) Coupling factor k between two knitted coils for D = 6.8 cm as a function of distance, d. Triangles: both coils N = 5, squares: one coil N = 
3 and the other N = 5, diamonds: both knitted coils with N = 3. (b) Simulations for (a). The inset focuses on the impact of relative rotation of the 
stitches at small distances.  
 

We observe that the measured and simulated trends of k vs. d for the knit – knit coupling is similar as that for the wound coil – 

knit, given in Fig. 5. The value of k for N ≥ 3 also shows only small differences. In the measurements these variations seem to be 

larger due to the larger errors in distance determination. Using simulations, we study the effect of aligning the stitches of the two 

(a) (b) 

(a) (b) 



 

coils and rotating them over 1 stitch (misaligned). The results are given in the inset of Fig. 7(b). The dashed lines are for aligned 

stitches and the full lines for misaligned stitches. In the latter case, the currents in the wale direction of the closely spaced stitches 

in the two coils are in the same direction while when the stitches are aligned they are opposite, resulting in a lower M and thus 

lower k. The measurements results consist of a variation of relative stitch positions that have an impact on k at small d. 

 

6. Wireless power transfer  

 

One of the possible applications for 3D knitted helical coils is WTP [26]. As illustrated in Fig. 1, the transmitter coil can be a 

wristband or waistband coil and the receiver coil a 3D knitted coil in the cuff or the waistband of a knitted garment. A 3D knitted 

coil in 1/1 rib with N = 5 with dimensions of a cuff was used to measure power transfer efficiency with a wound primary coil, 

also N = 5, as a function of distance.  

 

Table 4 

Measured equivalent circuit elements R, L, C, fres (self-resonant frequency) and Q. 

Coil R () L (H) C (pF) fres (MHz) 
Q 

@13.56 MHz 

Wound coil 0.5 4.6 7.4 27.3 1458 

Knitted coil 5 5.1 4.5 33.2 214 

 

The individual coils were ccharacterized using a HP8753D network analyzer in a frequency range of 0.1 to 80 MHz. The higher 

frequency range allowed for the measurement of the parasitic parallel capacitor, C. Measurements were carried out with the coils 

supported by 2 aligned cardboard cylinders that can move to change their relative position (see supplementary data). Table 4 

gives the values of the equivalent circuit elements of the single coils (series resistance R, self-inductance L and parallel capacitor, 

C). The self-resonant frequency, given by: 𝑓𝑟𝑒𝑠 =
1

2𝜋√𝐿𝐶
 allows for the derivation of C. The quality factor Q is calculated with eq. 

(3). WPT measurements were carried out at f = 13.56 MHz using the circuit given in Fig. 8.  

 
Fig. 8. The equivalent circuit of the WTP system. Lt is the wound transmitter coil. Lr is the knitted receiver coil. CP1 and CP2 are tuning capacitors. 

The 51  resistor measures the current in the input circuit. A full wave rectifier is used at the output together with a 10 k load. V1, V2 and V3 are 

50  probe connections to the measurement equipment. 

 

 
Fig. 9. The WPT power transfer efficiency between the Cu wound coil and the knitted coils as a function of distance. The dashed line is a guide to 
the eye only. 
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Breadboards were used to add circuit components for measurements and CP1 (33 pF) and CP2 (28 pF) for tuning input and output 

circuit to resonance at 13.56 MHz at a distance d = ~1 cm. A 5 V peak-to-peak AC sinusoidal input voltage at a frequency of 

13.56 MHz was supplied using a TTi TG5011 LXI function generator and the DC output voltage and current were measured 

after the rectifier using an Agilent InfiniiVision DSO-X 3024A digital storage oscilloscope. 50  probes were used for 

measurements. A 10 k load was chosen, reasonably close to the optimal power point of ~5.5 k at a distance of 1.6 cm 

between the coils.  

Fig. 9 gives the output power efficiency as a function of distance between the primary and the secondary coil. The minimum 

distance is ~0.6 cm due to the separation of the receiver coil from the transmitting coil by 2 knitted rows without metal.  

The system efficiency for power transfer is ~30% at ~0.6 cm. This ignores the efficiency loss in the DC-AC transfer that would 

be required for the transmitter coil to run from batteries. It demonstrates the feasibility of using knitted 3D helical coils in the 

borders of e.g. a sweater to wirelessly transfer power between a wearable accessory like e.g. a wristband and the garment (see 

video in supplementary data demonstrating LED light switch on via this implementation). 

 

7. Conclusion 

 

The self-inductance, L and resistance, R of 3D knitted helical coils was investigated in terms of stitch type, gauge, number of 

windings and diameter of the coil. Empirical formulae were derived for L and R of knitted 1/1 rib and wound coils. These 

formulae demonstrate the lower power factor for L of the knit due to the larger distance between windings. L’s dependence on 

diameter is nearly linear and stronger than for wound coils, a result of the influence of the shape of the stitches. R of the knit is 

always larger than for closely wound coils, reducing its quality factor, Q. This feature needs to be taken into account when 

designing electronics around the coil [27]. Simulations also shed light on the physics aspects of the system, showing that the 

impact of the shape of the stitches is local. This results in strong dependencies of k to small distance variations for adjacent coils. 

It also demonstrates an influence of the alignment between stitches of two knitted coils when used for coupling applications.  

The mutual inductance, M between a wound coil and the knitted coil and between two knitted coils was both measured and 

simulated. Simulations are able to predict the trend of the variations of M with windings, N and diameter, D. The coupling 

factors, k showed medium coupling between winding and knit for all diameters between a cuff and waist. When coils are 

overlapping, the coupling sharply increases in value because an increased number of stitches is in close proximity to the wound 

coil windings. Due to the larger distance between windings in the knit, k as a function of distance becomes nearly independent of 

number of knitted windings for N ≥ 3. This means that for WPT the number of windings can be kept low (3<N < 5) without loss 

of coupling while maintaining higher Q. A simple WPT experiment was carried out with the coils near resonance at 13.56 MHz, 

confirming the feasibility of using the knitted coil to wirelessly transfer power between a wristband coil and cuff of a garment. 

Finally, 3D knitted coils are ultimately wearable as they do not influence aesthetics, elasticity and drape of a garment. Their 

cylindrical nature conforms both body shapes and helical coil requirements, making them an feasible solution for WTP to supply 

power to body worn sensor networks. 
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