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Abstract

Knitted heaters have attracted significant interest due to their flexibility and ease of in-
tegration into smart textile applications. However, uneven heat distribution remains a
major challenge, leading to comfort issues and inefficient energy usage. This study presents
an analytical, physics-based model that links the resistance, power distribution, and sur-
face temperature of knitted heaters to key design parameters such as size, configuration,
material properties, and knitting structure to establish guidelines for achieving a desired
temperature rise over a specified surface area. The model was validated experimentally
across a range of heaters (3-12 lines) arranged in ladder and diagonal configurations.
Results showed good agreement between predictions and measurements for higher line
counts (10-12), while larger deviations occurred in smaller heaters (3-5 lines) due to contact
resistance and current losses. A prototype knitted wristband demonstrated physiologically
relevant heating (>33 °C) under safe, low-voltage operation. These findings provide a
quantitative design framework for optimizing knitted heaters and highlight their potential
for scalable integration into wearable and therapeutic applications.

Keywords: knitted heaters; heat distribution; smart textiles; thermal comfort

1. Introduction

Smart textiles have attracted significant attention owing to their potential applications
in textile-based antennas [1], energy harvesting [2], electromagnetic shielding [3], and
health monitoring [4]. Integrating smart functionalities into garments leverages inherent
textile qualities such as comfort, breathability, stretchability, and washability. Consequently,
textiles serve as ideal platforms for active temperature regulation applications. Such textile
heaters are particularly beneficial for soldiers or workers operating in cold environments,
as well as for medical applications aiming to reduce thermal stress [4] and to improve
thermal comfort in general. They are especially useful for rehabilitation therapies, such
as treating rheumatic arthritis and alleviating muscle spasms and inflammation [5]. They
aid in reducing joint stiffness, enhancing blood circulation, and improving the flexibility
of collagen tissues, all contributing to pain relief through the therapeutic application of
heat. They can also be applied to body joints to promote the effective functioning of bodily
components and alleviate discomfort in muscles and joints [6]. Even during surgery, textile-
based heaters can be used for an anesthetized patient who can experience significant heat
loss during surgery [7]. Furthermore, smart heating insoles and socks such as electrical
heating pads can be used to improve the thermal comfort of occupational workers in
cold environments [8].
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The performance of electrical heating textiles relies predominantly on the type of
conductive material used in the structure. As conductive materials, metallic wires are com-
monly used. Hamdani et al. investigated stainless steel as a heater material and concluded
that the temperature distribution is primarily concentrated within the central parts of the
heater, resulting in non-uniform heat distribution [9]. Yanyan et al. studied the thermal
performance of fine copper wire integrated into interlining fabric. They concluded that the
breaking strength and elongation at the break of the copper wires remain relatively unaf-
fected by aging time and temperature, displaying favorable thermo-mechanical properties.
However, despite these mechanical advantages, metallic wires present several drawbacks
when integrated into textiles, primarily due to their reduced flexibility, increasing rigidity,
and hindered moisture extraction [10].

Given the limitations of traditional metallic wires, researchers have explored a variety
of alternative conductive materials to enhance heater performance using metallic nano-
materials, intrinsic conductive polymers (ICPs), grapheme, and carbon nanotubes (CNTs).
Metallic nanoparticles coated onto the textile can achieve stable heating performance with
high surface temperatures at very low electrical potential [11]. However, toxicity and
durability restrict wearable applications. Intrinsic conductive polymers (ICPs) can show
superior flexibility, light weight, and good conductivity, but they are inferior in long-term
stability. Many researchers have explored the impregnation of materials with CNTs and
graphene, which have demonstrated excellent heating performance. However, compre-
hensive reviews on graphene-enhanced textiles and graphene fibers indicate performance
advantages (conductivity, flexibility) but also note scale-up and cost barriers for mass
production—a key reason most graphene/CNT heater studies remain at lab scale [12,13].
Apart from the mentioned conductive materials, it is possible to produce heaters from
commercially available conductive yarns to overcome the challenges. These yarns are well
suited for mass production using existing knitting machinery [14].

While material choice is fundamental, the manufacturing technique also plays a
critical role in heater performance, particularly how the conductive yarns are integrated
into textile structures. Common approaches include weaving, knitting, and nonwoven
fabrication [15]. Different textile fabrication techniques, such as weaving, knitting, and
non-woven production, each present specific trade-offs: woven fabrics offer dimensional
stability but may limit stretchability, whereas non-woven structures can pose challenges
for uniform integration of conductive elements [5]. Knitted structures, in contrast, offer
stretchability, breathability, and close body fit. Knitting also allows tuning of electrical
properties through changes in loop density, knit pattern, and yarn configuration. Maurya
et al. compared rib, interlock, and plain knit structures with varying knitting densities
and concluded that rib knit samples with a compact structure and a short loop length
showed good heating performance [16]. A study by Hamdani et al., on the other hand,
concluded that the interlock structure is particularly favored for heating fabrics, primarily
due to its stability. Moreover, it has been observed that the interlock structure can achieve a
higher temperature compared to the plain structure when subjected to the same voltage.
Additionally, the interlock structure reaches its steady-state temperature in less time when
compared to the plain knitted structure [9]. Liu et al. (2015) investigated plain, rib, and
interlock knit fabrics produced from silver-plated yarn and polyester staple yarn and
reported that the fabrics’” maximum equilibrium temperature increases proportionally
with their power consumption density [17]. Six different knit structures were studied
by Kexia et al. [18]. They concluded that the temperature of knitted structures increased
proportional to the square of the applied voltage and from their results the maximum
surface temperature at 2.4 V increases from the plain knit to rib to interlock structure.
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In the studies so far, only relatively small-area heaters have been used. Despite these
advances, most studies focus on small heating areas and do not fully address current losses
in large wearable heaters. However, for medical applications, there is a need to apply
textile heaters to larger areas of the body—such as 50 x 200 mm—while maintaining close
contact with the skin. This need for larger, flexible heaters underlines a gap in current
research, which our study aims to address. Knitting is the preferred technique. One possible
challenge is the occurrence of current losses along the heater length. Adding extra heater
lines can lead to uneven heating, with lower temperatures appearing farther away from the
power source. In this study, we demonstrate that the performance of textile-based heaters
at a given voltage is primarily governed by the electrical resistance of the heater lines,
with yarn and knitting parameters playing a more indirect role. Based on our findings, we
propose practical guidelines for optimizing knitted heater designs. Our results indicate that
heating performance can be effectively tuned by controlling the heater’s resistance, which,
in turn, can be adjusted through specific knitting parameters and layout configurations.

2. Theory

In the literature reviewed above, conflicting conclusions have been reported regarding
heater performance. Maurya [16] found that rib structures outperform interlock and
plain knits, Hamdani reported that interlock yields higher peak temperatures and Sun
observed the performance order as interlock > rib > plain knit [9]. Such inconsistencies
make it difficult for designers and researchers to make informed decisions when selecting
heater designs.

From a heat transfer standpoint, however, the governing principles are relatively
straightforward. The maximum attainable temperature is determined predominantly by
the balance between the applied electrical power and the heat losses to the environment,
rather than by the knit structure itself. The heating rate is governed by the ratio of the
fabric’s thermal mass (i.e., thickness and density) to the heat transfer coefficient. The main
influence of knitting parameters arises through their effect on the electrical resistance of the
knitted elements. Heater lines with different knitting structure and yarn conductivity but
with the same resistance are expected to exhibit essentially equivalent thermal performance.

The objective of this section is to develop a simplified model that addresses these
considerations and provides design guidelines for heaters capable of achieving a specified
temperature rise over a defined surface area. The core of the model is to connect the
three key aspects of heater design using physical equations. This is accomplished by first
deriving the equivalent electrical resistance of the different knitted arrangements, then
determining the current and power distribution across the heater lines and lead wires,
and finally formulating the resulting surface temperature rise driven by power input and
moderated by heat loss. This framework supports the rational design of heaters optimized
for performance, safety, and comfort.

A rectangular area can be covered with heater lines using three fundamental configurations.

1. A serpentine (zigzag) pattern (Figure 1a), where the heater line meanders across
the surface;

2. Aladder configuration (Figure 1b), in which two parallel electrode lines distribute
power to interconnecting heater wires with higher resistance that dissipate energy;

3. A diagonal configuration (Figure 1c), similar to the ladder setup but arranged diagonally.

The ladder configuration is the simplest and most straightforward. However, if the
equivalent heater resistance Req is too high, it can present challenges. Since the heater is
designed for applications near human skin, the operating voltage should remain below
50 V to prevent skin irritation [19]. To ensure safety, we limit the maximum voltage to 12 V
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and the current to approximately 500 mA, allowing for a maximum power output of 6 Watt
with a resistance of 24 ().

(a) Serpentine (b) Ladder (c) Diagonal
: Wo i : Wo i : Wo i
<> <> D
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Figure 1. Layout and geometrical parameters of a serpentine (a), ladder (b), and diagonal
(c) configuration. The power is applied via the connection points, indicated as black circles.

As shown in the experimental section, knitted heater lines typically have resistances
exceeding 1 ()/cm. For example, a heater measuring 15 cm in length and 5 cm in width,
arranged in a serpentine pattern with four lines, would have a resistance of approximately
65 Q). Such a setup would generate only 2.2 Watt, which may be insufficient for adequate
heating. To address this, low-resistance lead wires or electrode lines are used to distribute
the power to a series of parallel higher-resistance heating elements (Figure 1b,c). The ladder
configuration benefits from power connection points placed in proximity but suffers from
heat loss in wires positioned farther from the power source. In contrast, the diagonal
configuration distributes power more evenly across the surface, mitigating this issue.

The equivalent resistance of the serpentine configuration is given as (see Figure 1a)

qu = pL(nLg + W()) (1)

in which py is the resistance per unit length of the heater wire and n denotes the number
of longitudinal heater lines. For ideal lead wires with zero resistance, the equivalent
resistances of both the ladder and diagonal configuration would be given as Re; = Ry, /n,in
which Rj, denotes the heating wire resistance. In practice, the lead wire segments between
the heating wires have a small but finite resistance. As demonstrated by Jansen [20], the
expression for the equivalent resistances of the ladder configurations can then be written as

sinh[(n —1),/¢] . 2Ry
sinh[n/€] ’ Ry,

R}, = Ry (1 — )

and for the diagonal configuration as

RB; =R, (;coth[z\/é} sinh[\/¢] + %(n - 2)s> 3)
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where ¢ is the ratio between twice the lead wire resistance, R;, and the heater resistance R;,.
With these expressions we can immediately estimate the overall resistance and thus the
total power that can be generated by the heaters.

Pior = Vg/Req (4)

As mentioned before, this power is not evenly distributed over the heater surface, so,
as a next step we would like to calculate the local power p in the heater wires and lead wire
parts. For this, we need the local currents i:

Pn = xRy pL=itRe (5)

where subscripts i and L stand for the heater and lead wire, respectively. By using the
finite difference method, Jansen [20] derived the following closed-form expressions for the
current distributions in ladder resistor networks.

, sinh[(n — k)+/¢] , Vo cosh[(n —k + 1) \/e] Vo
Ak = IO inh 7 Ik = Rf 1 ’ IO = Rf (6)
sinh[n/€] n cosh[(n— 3)\/¢] eq
whereas for the diagonal configuration, they are given as
) 1 sinh[(k — §)/¢] ) Iy sinh[?} n+1
=_I[1- , = ———=—cosh|(k — —— 7
k=5t ( sinh[% /€] k= Sinh (5] cosh( 2 Ve @)

Here k is the heater wire index, ranging from 1 close to the power source to # at the far
end. All these equations depend on three parameters: the heater and lead wire segment
resistances Ry and R (expressed as the resistance ratio €) and the number of heater lines #.
The resistances can be manipulated by, e.g., changing the line width or length, the knit
structure, or choosing a yarn with different conductivity. For the present study, we focus
on the geometrical parameters and use the following relation for the resistance of a knitted
or embroidered conductive line with length L and width W:

R =Crys ®

Here, Cg is the knit structure resistivity that depends on the resistivity of the con-
ductive yarn, as well as the knitting structure and stitch density. This constant can be
determined experimentally by measuring the resistance of several knitted lines with vary-
ing dimensions. Alternatively, it can be estimated through numerical simulations of
the knit structure. Note that in practice, it may be more effective to express length and
width in terms of the number of course and wale stitches rather than using standard
length measurements.

When a knitted surface is heated, its temperature increases in proportion to the
applied heating power until the generated Joule heat balances the heat loss to the environ-
ment. As demonstrated by Zhang et al. [21], this behavior can be modeled using a simple
exponential relationship

_ p7h _ —t/T _ h
T=Ty+ (1 e ) T )

hA

where T is the initial temperature and pj, is the local heating power, / the heat transfer
coefficient and A the surface area. The parameter 7 is a time constant that depends on the
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density p;,, heat capacity ¢y, and thickness d of the knit structure. In the current paper, we
focus on the steady-state temperature rise and rewrite this as

ATax = Cth (10
where Cy = 1/hA is a coefficient that can be determined experimentally.

3. Materials and Methods

Knitted heaters were fabricated using a combination of knitting and stitching, as
illustrated in Figure 2. Initially, double-jersey knit samples were produced with varying
numbers of heater lines: 2, 3, 5, 10, and 12. The heater lines were formed using silver-plated
nylon yarns integrated into the double-jersey base structure, primarily made from cotton.
Double jersey was selected to allow the heating yarns to be situated on a single surface of the
fabric and to have the back side as an insulation layer. The heaters were produced with an
NP11 setting for the knitting density. The fabric structure had a total width of 100 rows, of
which 70 rows were for the heater lines. For the heating elements, Shieldex® 235/36 dtex Z
130 HC + B yarn (Statex Produktions- und Vertriebs GmbH, Bremen, Germany) was selected
due to its relatively high resistivity of approximately 768 (2/m. Lead wires were fabricated
using Shieldex® 235/36 dtex 2-ply HC + B yarn, chosen for its lower resistivity of 50 Q)/m.
Modern industrial knitting machines like the Stoll ADF series can produce high-resistivity
heater lines and the perpendicular low-resistivity lead wires in a single process. The
Stoll CMS 530 flatbed weft knitting machine (Karl Mayer Stoll GmbH & Co., Reutlingen,
Germany) used in this study, however, can knit conductive yarns only horizontally in
the course direction and lacks independent yarn carrier movement in both directions.
Therefore, for the samples used to validate the theoretical section, heater lines were knitted
first, and vertical lead wires were subsequently added via embroidery.

Knitted Heater Lines Stitched Leadwire
| |
— I -7
~
P \
< - - -
A -
”
”
- - — - ~-
| +
— —
| |
= : Heater
: Leadwire

Figure 2. Production process of knitted heaters starting with initial knitting followed by stitching of
the lead wires.

Two different yarns were used for stitching: a non-conductive yarn positioned on the
back and a conductive yarn placed at the desired location on the front. To ensure proper
production of the embroidered conductive lead wire on the knitted heater, a layer of Stitch
& Tear® (Weinheim, Germany), a stabilizing backing material, was added to support and
stabilize the embroidery process. This layer was removed after stitching.

The resistance measurements were carried out using a FLUKE 110 digital multimeter
(Everett, WA, USA). The power for the heating tests was supplied by a N6705B DC power
analyzer from Agilent Technologies (Santa Clara, CA, USA), and the temperatures were
measured using a FLIR E60 thermal camera (Wilsonville, OR, USA) mounted on a tripod.
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All thermal images were analyzed with Thermal FLIR software (product version: 2.0.37).
The knitted samples were clamped onto a frame and placed in free air, as shown in Figure 3.
The thermal camera consistently recorded the highest temperature within the selected
region of interest. For the thermal images’ validation, the average temperature of each
heater line was determined by drawing a line across each heating element and average
temperature using the FLIR Thermal Studio program (product version: 2.0.37).

Sample
clamp setup

Figure 3. Experimental setup for thermal imaging measurements. A FLIR infrared camera is mounted
on a tripod at a fixed distance of 80 cm from the sample, which is secured using a custom clamp to
ensure stability during imaging.

4. Results
4.1. Heater Line Knit Structures

To determine the resistance parameter of Equation (8), samples were knitted with
the Shieldex 235/36 dtex-1 ply yarn containing conductive lines with 2, 3, 5, 10, and
12 courses width and 100 wale stitches long. Optical images are shown in Figure 4. As the
number of courses increases, the coverage of conductive yarn within the fabric becomes
noticeably denser reducing the visible gaps between loops. At two and three courses, the
conductive yarn is sparsely visible, with significant gaps between loops. With five courses,
the structure becomes more uniform. A close-up image of the different courses is shown
in Figure 5. It also demonstrates that the double-jersey structure, with its different front
and back sides, helps produce insulated textile heaters. The stitch densities in the course
and wale directions were calculated as 4.72 courses/cm and 10 wales/cm, respectively (see
Supplementary Materials Figure S2).

2 courses 3 courses 5 courses 10 courses 12 courses

Figure 4. Optical images of knitted heaters of various lined heaters.
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Figure 5. Heater lines with 12, 10, 5, 3, and 2 courses at the front side (upper part) and the insulated
back side (lower part).

4.2. Equivalent Resistances of Knitted Heaters

The overall heater resistances predicted by Equations (2) and (3) are compared with
the measured values in Figure 6. The comparison reveals that the equivalent resistance
decreases as the number of heater lines increases. In both graphs, the measured values
closely follow the calculated values, indicating that the theoretical or modeled calculations
align well with the experimental measurements. The largest drop in resistance occurs
between one and three heater lines, and the curves tend to flatten as the number of lines
in-creases, suggesting diminishing changes in Req for higher numbers of heater lines.
The similarity of the deviations observed in both configurations indicates that the model
captures the physical behavior of the system, while opportunities for refinement remain.

=== Recalculated --- Recalculated
160 —&— Rmeasured 160 —8— Rmeasured

S
S
S
S

Req [Ohm]
g8 8 B8

Req [Ohm]
8 8 3

&
8

5 5
Heater Lines Heater Lines

Figure 6. Equivalent resistances of knitted heaters with 3 to 12 lines in ladder (left) and di-
agonal (right) configurations. The plotted values show both the predicted (calculated from
Equations (2) and (3)) and measured resistances.

4.3. Resistance Characterization of the Heater Lines

For the L/W (length to width ratio), the ratio of the number of courses to wales was
used instead of the actual measured length and width. Figure 7 shows the relationship
between resistance (in () and the L/W ratio for a knitted heater, with multiple data
series represented by different colors. The lines show a linear trend, as expected, and the
overall slope Cr is determined from a fit through all data points and is calculated to be
2.78 +0.07 Q.
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100 4 2 Course
—e— 3 Course ’
—4— 5 Course s
80 - 10 Course 7

—&— 12 Course ;

— — Slope 2.78+0.07 7

Resistance (ohm)

Figure 7. Resistance versus L/W for heaters with 2, 3, 5, 10, and 12 courses.

The temperature change (AT) versus power (P) graph is shown in Figure 8. All curves
exhibit a linear trend, indicating that AT is proportional to the applied power. The slopes
of the lines for the 3, 5, 10, and 12 course lines are, respectively, 20.95, 23.98, 27.70, and
26 °C/Watt. The corresponding mean absolute error (MAE) and root mean square error
(RMSE) values are low across all configurations, indicating that the linear model accurately
represents the measured data (see Supplementary Materials Figure S1). The results of
the two-course sample deviate significantly from this trend. To verify this deviation, two
additional measurements were performed, resulting in an average slope for the two lines of
45.96 £ 1.28 °C /Watt (see Supplementary Materials Figure S3). The resistance coefficient
Cl for the 0.2 cm wide lead wires was determined to be 0.67 £ 0.03 Q2 by plotting the
resistance of lead wires versus L/W (see Supplementary Materials Figure 54).

50
] 2 course
—e— 3 course 2
404 |—a—5 course
10 course
| |—e—12 course
30 |- — -Slope 20.81+0.88

l_
<
20 4
10 4
0 T T T T T T T
0.0 0.5 1.0 1.5 20
Power (W)

Figure 8. Temperature change versus power graph of different heater lines.

4.4. Validation of Measured and Predicted Temperature Profiles

In this section, we evaluate the performance of heaters composed of multiple heater
lines of a width of two courses, connected by stitched lead wires of 0.2 cm width. Thermal
images of samples with 3, 5, 10, and 12 heater lines arranged in a ladder configuration
are shown in Figure 9. Across all configurations, the heaters exhibit a clear decrease in
heating power for heater lines further away from the power source and this effect becomes
more pronounced as the number of heater lines increases. The three-heater sample has a
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maximum temperature at the left line of 33.9 °C and 25.1 °C for the last heater line. The
five-line sample recorded a peak temperature of 39.8 °C, with the first and last heater
lines measuring 25.4 °C and 37.4 °C, respectively. The sample with 10 heaters shows a
more substantial heat output, reaching a maximum temperature of 59.2 °C. The 12-course
configuration demonstrates a rather large temperature non-uniformity. The maximum
temperature (79.6 °C) is in the lead wires near the power source and the heating wires at the
end of the sample are hardly increasing in temperature. Thermal images of the heaters in
diagonal configurations are provided in Supplementary Materials Figure S5. They show a
more uniform temperature distribution from left to right heater line but also and increased
thermal dissipation in the lead wire elements near the power source connections.

3 heaters 5 heaters

10 heaters , 12 heaters

Figure 9. Different heater samples and their thermal images. The power is applied at the two left
corners (ladder configuration).

The measured temperature differences along the heater lines in the ladder configu-
rations are compared with predictions from Equations (5) and (6), as shown in Figure 10.
For the predictions, we used the previously determined heat transfer coefficient of
45.96 + 1.28 C/Watt and resistance coefficients of 2.78 4+ 0.07 Q) and 0.67 £ 0.03 Q) for
the heater line and the lead wires, respectively. For ladder configurations, the model predic-
tions capture the general trend of decreasing temperature with increasing distance from the
power source, although they exhibit an overprediction that becomes more pronounced in
heaters with fewer lines. This overprediction is most pronounced for the three-line heater
ranging 2 to 6 °C. For the 5-, 10-, and 12-line heaters, this gap is smaller, ranging from
approximately 0.4 to 2 °C. The overall trend shows that prediction accuracy improves as
the number of heater lines increase. Also, the three- and five-line heater configurations
exhibit a more rapid temperature drop along the heater lines compared to the 10- and
12-line configurations.

Figure 11 shows the corresponding results for the diagonal configuration. Unlike the
ladder configuration, both the predicted and observed values display a non-monotonic
trend, with a minimum temperature in the middle. For the three- and five-line heater
configurations the observed and predicted values diverge more significantly, ranging
approximately from 3.5 to 5 °C and from 3.6 to 5.3 °C, respectively. In contrast, the 10- and
12-heater configurations exhibit a smoother, more consistent temperature profile and better
agreement between predicted and observed temperatures (within ~1 to 2 °C).
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18 18
[~ — 3Heater_prediction [~ — 5 Heater_prediction
16 - {—8— 3 Heater_observed 16 -5 Hea(er{;bse(ved
I— — 10 Heater_prediction |- — 12 Heater_prediction
14 |—&— 10 Heater_observed 14 4 {—#— 12 Heater_observed

AT
(=]
AT
©

Heater Lines Heater Lines

Figure 10. The observed (full lines with symbols) and calculated (Equations (5) and (6), dashed lines)

temperatures for knitted heaters in ladder configuration with 3 and 10 heater lines (left) and 5 and
12 heater lines (right).

14 4
(—=— 3 Heater_prediction |-—=— 5 Heater_prediction
|— — 3 Heater_observed |= — 5Heater_observed
12 ~—_ - |—m— 10 Heater_prediction| 12 4 |- — 12 Heater_prediction
= — 10 Heater_observed —e— 12 Heater_observed
~ .
10 A 10 - .

AT

Heater Lines Heater Lines

Figure 11. The observed (full lines with symbols) and calculated (Equations (5) and (7), dashed lines)

temperatures for knitted heaters in diagonal configuration with 3 and 10 heater lines (left) and 5 and
12 heater lines (right).

The average absolute deviations between predicted and measured AT for both ladder
and diagonal configurations are illustrated in Figure 12. In both configurations, the largest
differences are observed for the samples with three and five heater lines, while the predic-

tions and measurements show much closer agreement for higher heater line counts (10 and
12 samples).

I Ladder
[ Diagonal

N w S~
1 1 1

Average Difference (°C)

-
1

3 5 10 12
Heater Number

Figure 12. Average difference between predicted and observed data versus heaters with differ-
ent courses.
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5. Discussion

We analyzed the thermal performance of a knitted heater composed of a chosen num-
ber of parallel heater lines interconnected by two lead wire lines. The thermal performance
model consists of three verifiable components.

e  Prediction of the equivalent resistance of a heater consisting of several heater lines and
two interconnecting lead wires;

e  Prediction of the resistance and heating capacity of knitted conductive lines of a given
length and widths;

e  Prediction of the temperature variations across the heater lines based on the current
distribution for a given overall power input.

In our experimental series, the total heater length was kept constant, while the number
of heater lines was varied from three to twelve. Consequently, the lengths of the lead
wire segments differed, resulting in resistance ratio parameters ranging from ¢ = 0.023
to € =0.006. As shown in Figure 6, the close agreement between predictions and mea-
surements indicate that these effects are well captured by the model, allowing accurate
prediction of the overall heater resistance.

The assumption that the resistance of a knitted line increases linearly with the line
length and decreases linearly with its width (Equation (8)) is confirmed by the results
as shown in Figure 7. The proportionality constant in this study was determined to be
2.78 £ 0.07 Q). A knitted line 100 wales long and two courses wide will thus have a
resistance of about 115 (). In general, the resistance parameter depends on the stitch type,
knitting parameters, and the resistivity and type of conductive yarn used. In Table 1,
resistivity values for other conductive yarns and knit structures are listed. The resistivity
values vary depending on both the knit structure and the conductive yarn type. Double-
jersey structures exhibit lower resistivity than single-jersey samples due to their denser
configuration which enhances electrical pathways. Similarly, resistivity tends to decrease
with increasing course and wale numbers, indicating the effect of higher stitch density on
conductivity. These results indicate that the majority of line resistivity values fall within
the range of Cg = 2 to 6.

Table 1. Resistivity values of different conductive yarn types and knit structures.

Yarn Type Course/Wale Number Knit Type CR Value
2 Courses/70 Wales 2.78
3Co/70 W 2.68
5C/70W Double Jersey * 2.34
10C/70 W 2.54
12C/70 W 2.47
Shieldex® 235/36 95C/3W Single Jersey ** 5.66
dtex Z 130 HC + B 95C/6 W Single Jersey 5.50
(768 (3/m) 95C/9W Single Jersey 2.83
Double-Jersey
HC/2W Plated Sandwich ** 2.20
Double-Jersey
BC/AW Plated Sandwich 280
Double-Jersey
BC/6W Plated Sandwich 2.63

* Double-jersey samples are knitted with a STOLL CMS 530; ** Single-jersey structures were knitted on a STOLL
ADF 530-32 W machine, while double-jersey plated sandwich structures were knitted on the same machine using
plating combined with intarsia technique.
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In addition, we evaluated the heat generated by applying a voltage to the various
knitted lines. As expected, our measurements confirmed a linear relationship between the
temperature rise and the applied power, as shown in Figure 9. Contrary to our expectations,
however, the heater line performance showed a clear dependence on the line width. Lines
two courses wide have a much higher proportionality constant compared to those with
three or more courses (Figure 13). For widths between 3 and 12 courses, a consistent but
much slower decrease is observed. The deviation of the two course structures can probably
be attributed to the much looser knit structure (Figure 4, left picture). The slower overall
decrease can be explained by the surface effect. Broader lines have larger surface area and
thus an increasing heat loss to the surroundings.
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Figure 13. Effect of line width on generated temperature increase per unit of applied power.

As explained in the introduction, lead wires with non-zero resistance cause progres-
sively lower currents in subsequent heater lines. In the present examples, the lead wire
resistance is substantial (0.67 Q) cm™!), leading to significant voltage drops and correspond-
ing reductions in current. As shown in Figure 8, these effects manifest as poor heating
performance at locations distant from the power input points. While such pronounced
non-uniformities in heating should be avoided in practical applications, they are valuable
here for validating the proposed model.

Our measurements show that, for heaters with a larger number of heater lines
(10 and 12), the predicted temperature distributions agree with the experimental data
within 1-2 °C. In contrast, heaters with only three or five heater lines exhibited much larger
deviations, up to 5 °C. These unexpectedly large discrepancies cannot be attributed to
inaccuracies in the resistance and current distribution predictions (Equations (2)—-(7)), as
these are exact and in full agreement with simulations [22]. It is also unlikely that the
deviations result from errors in the determined heat transfer parameter CH, since the
thermal boundary conditions of a heater line in a three- or five-line heater are comparable
to those in a heater with 10 or 12 lines. We therefore attribute the discrepancies to variations
in the contact resistance between the lead wire and the heater line in heaters with fewer
lines. Such variations may occur when the stitched lead wires do not fully cover the ends
of the heating wires.

Lateral conduction in the 10-12-line heaters naturally equalizes temperature variations,
whereas heaters with only 3-5 lines lack sufficient lateral conduction, making them more
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sensitive to local contact resistance. Limited lateral conduction makes the heater more
sensitive to local variations, such as contact resistance, temperature drops, or localized
hotspots near the lead wires.

The heatmaps illustrate the impact of heater arrangement and quantity on relative
error as shown in Figure 14. Increasing the number of heaters generally lowers the relative
error in both ladder and diagonal configurations. In the ladder configuration, the darker
red colors for the three- and the five-line heaters indicate overprediction of the temperature,
while in the diagonal configuration, the darker blue colors correspond to an underprediction
of temperature. In the ladder configuration, relative errors tend to decrease as the number
of heaters increases, particularly noticeable for 10 and 12 heaters. These results highlight
the importance of heater arrangement and quantity in controlling system precision and
suggest that design optimization should consider both factors to minimize relative error.

Comparison of Relative Errors: Ladder vs Diagonal Configurations
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Figure 14. Comparison of relative errors (%) for ladder and diagonal heater configurations with a
different number of heater lines. The heater index k corresponds to the heater line numbering defined
in Equation (6).

A knitted heater with 10 lines, each courses wide, is integrated into a wearable wrist-
band configuration. As shown in the thermal image (Figure 15), the heater rapidly reaches
surface temperatures above 33 °C demonstrating active heating while conforming comfort-
ably to the shape of the hand. It is worth noting that, in practical applications requiring
heating over larger surface areas, heaters typically incorporate between 10 and 30 heater
lines. Consequently, our finding that the model accurately predicts performance for heaters
with a larger number of heater lines supports its applicability for the design of large-area,
textile-based heaters. Surface temperatures around 33 °C are considered physiologically
supportive, for example, in wound healing, as identified by Lugoda et al. in their wearable
textile thermograph study [22]. The heater highlights its potential for integration into smart
textiles and personal thermal therapy.
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Figure 15. Thermal image of a wearable wristband with 10 heater lines, each 2 stitches wide, showing
the conformability to the body shape.

6. Conclusions

This study discusses the design space of fully textile-based and stretchable knitted
heaters. Heated garments may incorporate multiple heating units, each supplied inde-
pendently. Using a conservative operating limit of 12 V and 500 mA per unit provides
a maximum power output of 6 W and an associated target resistance of approximately
24 () per heater. We derived a simple model that (1) relates the heater line resistance to
the heater layout, knit line structure, geometry, and conductive yarn resistance, (2) re-
lates the heater layout to heater line currents, and (3) relates the heater line currents to
the steady-state temperature. Experimental results confirmed the predictive accuracy of
the model, particularly for heaters with higher line counts (>10), which closely matched
theoretical expectations. Remaining discrepancies suggest that lead wire resistance and
contact resistance variations are critical factors that need to be further optimized. Overall,
the findings provide practical design guidelines for integrating low-voltage knitted heaters
into wearable applications, with strong potential for scalable manufacturing using existing
textile technologies. This study was the demonstration and characterization of the heated
prototype, without conducting user trials to assess thermal comfort or safety under real-
world conditions. Future work will focus on performing actual wearing tests to evaluate
these aspects and validate the practical performance of the developed system.
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/ /www.mdpi.com/article/10.3390/thermo5040054 /s1, Figure S1: Relationship between power input
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fit through the origin. Fitted slope (°C/W), MAE, RMSE, and Max error are shown in the inset box;
Figure S2: Stitch number versus length (cm) in course (left) and wale (right) directions of knitted
heaters; Figure S3: Temperature change versus power graph of 2-line heater; Figure S4: Resistance
versus L/W graph for 0.2 cm width lead wire; Figure S5: The thermal images of diagonal heaters of 3,
5,10 and 12 heaters.
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Abbreviations

The following abbreviations are used in this manuscript:

ICPs  Intrinsic conductive polymers
CNTs Carbon nanotubes

Req Equivalent resistance
Ry Heater resistance

€ Resistance ratio

n Number of heater lines
Ty Initial temperature

Ph Heating power

Cr Resistivity constant

Ch Heat capacity
L/W  Length-to-width ratio

AT Temperature change
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