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Abstract

The advent of wearable electronic textiles (e-textiles) is transforming human-computer
interaction by enabling seamless, comfortable, and continuous connectivity between users
and digital systems. Although the wearable e-textile market is poised for significant
growth, there is a need for durable, reliable connectors to link e-textiles to digital systems.
This study presents and evaluates two novel magnetic connectors —buckle and snap—
integrated into textile substrates using conductive epoxy, conductive stitches, and solder
as interconnect methods. Durability testing involved 5000 mating/unmating cycles at low,
medium, and high forces, with electrical performance assessed through resistance and
impedance measurements. Results showed significant increases in resistance and imped-
ance with 1000-cycle intervals. However, both connectors retained robust electrical and
mechanical integrity, with all resistance values remaining below 1.6 €, indicating no crit-
ical degradation. Buckle connectors consistently outperformed snap connectors, which is
attributed to their design that reduces mechanical stress on interconnects. Conductive
epoxy demonstrated superior stability and slower degradation compared to conductive
stitches and solder, particularly under higher mating forces. Impedance results mirrored
resistance trends, confirming reliability. These findings advance durable, user-friendly
connectors for long-term e-textile use, addressing both mechanical endurance and electri-
cal performance to enhance wearable computing and interactive environments.
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1. Introduction

E-textiles, the fusion of electronics and textiles, are rapidly becoming ubiquitous, in-
troducing unprecedented possibilities to the industries like healthcare, military, sports,
and fashion [1,2]. E-textiles comprise functional components, such as sensors and actua-
tors, which make the textiles smart/intelligent [3]. These components are electrically con-
nected to a “puck’ using interconnects. The puck is a typically rigid electronic component,
housing microprocessors and relevant circuits with data and power management capa-
bilities. This rigid component can either be permanently attached to the textiles or de-
signed to be removable [4,5]. The advantage of removable connection is that it allows for
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easy, user-friendly, modular, and on-demand attachment of digital systems or electronics
to textiles for specific tasks like real-time health monitoring [6] or charging [7]. They can
be easily detached when not in use. The ability to detach also enhances comfort and wash-
ability by preventing permanent integration of bulky and water sensitive electronics into
the garment, making them more wearable and washable [8].

State-of-the-art removable connections in e-textiles employ several strategies and de-
signs, each with distinct advantages and challenges. The removable wearable connectors
seen are in the form of physical fastening such as metal snap fasteners [9-12], conductive
hook and loop [13-16], conductive zippers [17,18], pocket connectors [19,20], and plug
connectors [21]. Metal snap fasteners are one of the most popular connectors used in e-
textiles due to wide availability, cost effectiveness, conductive metal body, and textile
compatibility. Hook-and-loop fasteners (Velcro®) offer adjustable and reusable attach-
ment but can exhibit inconsistent electrical contact depending on the number of engaged
hooks and loops. Additionally, it can also wear out over repeated cycles and accumulate
lint or debris. Zippers provide continuous electrical contact over longer distances; how-
ever, they can be prone to mechanical failure and teeth misalignment. Apart from physical
fastening, another useful method for creating removable connectors is through magnets.
Magnetic connectors enable secure attachment without the need for physical interlocking,
hence eliminating the need for dexterous handling. Magnetic connectors also allow quick,
self-guided alignment, making them ideal for applications where convenience and speed
are important. Magnetic connectors can be user friendly for patients due to their ease of
attachment or for military soldiers to make a speedy connection in the field. Due to its
unbeatable advantages, magnetic connectors have been explored in the past [1,22-24]. E-
textile connectors are application dependent customized for specific devices, and unique
to a particular system [25].

Along with making physical connections, wearable connectors also need to make
electrical contact when mated. The electrical connection is usually achieved by having the
contact points conductive. Pogo pins are one of the common elements adopted in custom-
ized connectors [22]. The total number of galvanic connection points included in a con-
nector is usually determined by the communication protocol required for e-textile systems
to function for specific applications [26]. A higher number of connection points may in-
crease the overall size of the connector, depending on the connector design and form fac-
tor [27]. The removable connectors require an attachment site on textiles, where the con-
nector can be mounted [5]. This site is permanently fixed on textiles using non-removable
connections by various methods such as conductive adhesives, mechanical links, or ther-
mal welding (e.g., soldering) [5,28].

Despite the wide application of removable and non-removable connections in e-tex-
tiles, their durability has not been extensively explored [4,29]. Over the lifetime of a wear-
able connector, it undergoes multiple attaching (mating) and detaching (unmating) cycles.
Therefore, to assess long-term reliability of the connector it is critical to evaluate its lon-
gevity (i.e., the ability of the connector to withstand repeated use without degradation)
for prolonged use of e-textiles [30]. The durability of a wearable connector is heavily gov-
erned by the longevity of non-removable connections (used for fixing the connector at-
tachment site onto the textile).

The scientific contribution of this work lies in its comprehensive analysis of how con-
nector design, interconnection methods, and mechanical stresses influence electrical per-
formance metrics such as resistance and impedance magnitude of a removable connector.
By addressing the challenge of creating durable, removable connectors for e-textiles, this
research is expected to advance the field by enabling more practical and long-lasting wear-
able systems for diverse applications where repeated connection and disconnection are
essential, such as in healthcare, military, and consumer wearables.
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2. Materials and Methods

In this study, two novel removable magnetic connectors —a buckle and a snap —were
designed and developed. Each connector consists of two parts: a textile-side component
and a non-textile-side component. Both connector types were designed to support four
channels compatible with the standard USB 2.0 protocol [9]. The textile-side connectors
were integrated into the textile substrate using three different permanent interconnect
methods: conductive epoxy, conductive stitches, and solder. The durability and electrical
performance of these connector configurations were evaluated through 5000 mating and
unmating cycles performed at three different mating force levels: low, medium, and high.

The study assessed the impact of mating cycles, connector type, force levels, and in-
terconnect methods on electrical resistance. Additionally, the observed trends in electrical
resistance were compared with electrical impedance measurements to further understand
the effects of these parameters on the durability and reliability of both connector types.

2.1. Connector Fabrication

Three-dimensional (3D) models of the buckle and snap connector bodies were cre-
ated in Autodesk Fusion 360 version 2.0.9719 (San Francisco, CA, USA) and exported as
Standard Tessellation Language (STL) files, then prepared for fabrication in Formlabs Pre-
Form 3.21.0. Connector housing was additively manufactured on a Formlabs Form 3+
(Somerville, MA, USA) using low-force stereolithography (SLA) with Formlabs polymer
resin RS-F2-GPGR-04, selected for its high resolution and mechanical performance (ulti-
mate tensile strength 65 MPa; tensile modulus 2.8 GPa). Printed parts were rinsed in 90%
isopropanol (IPA) and post-cured in a Formlabs Form Cure (FH-CU-01) for 60 min under
405 nm ultraviolet light at 60 °C to enhance material properties. The configuration of each
connector type is detailed in the sections that follow.

2.1.1. Buckle Connector Fabrication

The textile (Figure 1a) and non-textile side connector (Figure 1b) used block magnets
(Figure 1c,d) of three different magnetic strengths (BX022, BX042, BX082) which were
sourced from Ké&J Magnetics, Inc. (Pipersville, PA, USA) to manipulate the mating force
of the buckle connector. This resulted in low (9.82 N), medium (13.50 N), and high (22.86
N) mating/unmating forces between the textile and non-textile side connectors. The mag-
nets were housed inside the 3D-printed connector bodies on both sides (Figure 1e,f). Two
different PCBs (Figure 1g,h) were constructed for both side connectors with FR-4 King-
board TG150 which was sourced from AIIPCB (Hangzhou, China) in hot air solder level-
ing (HASL) and non-leaded finish. They were glued to the slots in the 3D-printed buckle
connector bodies (Figure 1a,b).

Buckle-type mating was designed to take place parallelly to the fabric plane. At-
tached to each trace of the PCB (Figure 1g) were four Omniball® Spring-Loaded contact
pins (part number: 0945-0-15-20-09-14-11-0) (see Figure 1i) from Mill-Max (Oyster Bay,
NY, USA) to accommodate sliding motions during mating and alleviate the potential var-
iations in contact pressure for stable electrical connections. They were designed to make
reliable, low-resistance electrical connections even with the contact surfaces not perfectly
leveled. Figure 1 illustrates the buckle connector schematic, including both component-
level and assembled views, while Figure 2 shows an optical photograph of the fully as-
sembled buckle connector.
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Figure 1. Schematic illustration of magnetic buckle connector showing both (a) textile side and (b)
non-textile side connector. Components include (c,d) block magnets, (e,f) 3D printed plastic body
(g/h) PCBs, (i) pogo pins. Red arrow shows the mating direction of textile and non-textile side of the
buckle connector.
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Figure 2. Optical photograph of buckle connector assembly, consisting of (a) textile data cable, (b)
block magnet, (c) PCB, (d) hook up wires for measurements, (e) textile substrate, (f) additional block
3D printed to grip the electronics side connector firmly on the motorized test stand during mat-

ing/unmating cycles.

2.1.2. Snap Connector Fabrication

The textile (Figure 3a) and non-textile side connector (Figure 3b) used ring magnets
(RX082) (see Figure 3c,d) which were sourced from K&J Magnetics, Inc. to provide mating
force for snap connectors. Due to the limited dimensional options for the magnets, and to
achieve three different magnetic strengths without increasing the diameter of the snap
connector, the resin thickness of 1.0 mm, 1.7 mm, and 3.0 mm was added to the non-textile
side connector during 3D printing. Adding the extra thickness to the design ultimately
achieved the three different magnetic forces of low (10.04 N), medium (15.46 N), and high
(22.93 N) between the two connector sides. In the same manner as the buckle connector,
the magnets were inserted and glued into the 3D printed connector bodies on the textile
and non-textile side (Figure 3e,f). Two different PCBs (Figure 3g,h) were made for both
sides.
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Unlike the buckle connectors, the snap-type mating takes place perpendicularly to
the fabric plane. Sleeve-and-plunger spring-loaded pogo pins (part number: 0985-1-15-20-
71-14-11-0) from Digi-Key (Thief River Falls, MN, USA) (see Figure 3i) were soldered into
the non-textile connector to provide consistent, repeatable electrical contact. A protective
shroud design (Figure 3j) was incorporated on the non-textile side to prevent misaligned
engagement and protect the pogo pins. This shrouded feature also enforced precise align-
ment between the non-textile side pogo pins and the PCB traces on the textile-side con-
nector. Figure 3 illustrates the snap connector schematic, including both component-level
and assembled views, while Figure 4 shows an optical photograph of the fully assembled
snap connector.

(P oo
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() PCB & I
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(e) 3D Printed
Printed A Body
Body @ 9
> (j) Shroud
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Figure 3. Schematic illustration of magnetic snap connector showing both (a) textile and (b) non-
textile side connector. Components include (c¢,d) ring magnets, (e f) 3D printed plastic body (g h)
PCBs, (i) pogo pins, (j) shroud. Red arrow shows the mating direction of textile and non-textile side

of the snap connector.
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Figure 4. Optical photograph of snap connector assembly, consisting of (a) textile data cable, (b)
ring magnet, (c) PCB, (d) textile substrate, (e) additional block 3D printed to grip the electronics side

connector on the motorized test stand during mating/unmating cycles.
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2.2. Creation of Interconnects and Process of Attachment to the Textiles

Interconnects were created to electrically join the textile-side connectors to the textile
data cable on the textile substrate using three methods: conductive epoxy, conductive
stitching, and soldering. These interconnects linked the connector PCB traces to a textile
data cable on a basket-woven cotton polyester fabric (201.38 g/m?2, 0.510 mm thick). Low-
temperature silver epoxy (S-CEP7-SF4) from SunRay Scientific Inc. (Wall Township, NJ,
USA)—a two-part, silver-filled conductive adhesive—was used to form flexible, robust
epoxied interconnects. Conductive stitches were made with Madeira HC-40 embroidery
thread (Freiburg, Germany; 117/2 dtex; <300 {3/m) on a Juki DDL-8700 industrial sewing
machine (Tokyo, Japan) under controlled tensions (needle: 1.75 N; bobbin: 0.25 N). Sol-
dered interconnects employed MG Chemicals 60/40 resin-core leaded solder (Burlington,
ON, Canada; 0.81 mm diameter; melting temperature 456.15 K).

For both the textile side of buckle (Figure 5a) and snap connectors (Figure 5b), all
three interconnect materials were applied to pre-arranged holes (orange arrows in Figure
5c). Conductive stitches were passed through each hole four to five times; each intercon-
nect hole was filled with conductive epoxy and solder, respectively. Additional holes in
the textile-side connector housing allowed the connector body to be physically attached
to the fabric using non-conductive stitches (yellow arrows in Figure 5d).

(c) Conductive interconnects in prearranged holes
(connect traces on PCB to Cu wire)

(g) PCB hole —__

(f) Radial
arrangement
of connector

(e) Linear holes
arrangement of

~— connector holes -

\\ . . //
(d) Non-conductive stitches

(attach connector body to the textile substrate)

Figure 5. Interconnect sites for textile side (a) buckle and (b) snap connector —(c) conductive inter-
connects to textile cables (orange arrows), (d) non-conductive stitches to textile substrates (yellow
arrows), (e) linear arrangement of holes on buckle (red dashed circle —left), (f) radial arrangement

of holes on snap (red dashed circle—right), (g) PCB hole or VIA (vertical interconnect access).

A textile data cable from WEEL Technology (Greensboro, NC, USA) was employed
to establish on-fabric power and data lines. The cable is a woven tape, 1.00 mm wide by
0.70 mm thick, with a polyester sheath enclosing four copper conductors (Figures 2a and
4a). Each copper wire comprises 14 filaments, with an approximate resistance of 1.5 {}/m.

Buckle—The four copper conductors were inserted into four designated holes on the
buckle connector housing (indicated by red dashed circle in Figure 5e) and PCB (Figure
5g), with each pair of holes connected to one of four straight traces on the buckle PCB (two
holes per trace; eight holes total and four straight traces). Thus, each wire was connected
to a distinct straight trace using the three interconnect methods. For stitched interconnects,
conductive yarn was sewn through both holes associated with a given trace, encasing the
copper wire. Conductive epoxy and solder were applied directly at the PCB holes. The
straight traces on the textile-side PCB interface with the pogo pins on the non-textile side
to make the electrical contact when mated. Block magnets on both side connector housings
help mate and secure the textile and non-textile side connector.
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Snap —The four copper conductors were inserted into four dedicated holes on the
snap connector housing (indicated by red dashed circle in Figure 5f) and PCB (Figure 5g),
with each hole connected to one of four concentric traces on the snap PCB (one hole per
trace; four holes total and four concentric traces). Thus, each wire was connected to a
unique concentric trace using the same three interconnect methods. For stitched intercon-
nects, conductive yarn was sewn from the housing hole to an adjacent PCB hole, enclosing
the wire. Conductive epoxy and solder were applied directly at the PCB holes. The con-
centric traces make an electrical contact with the pogo pins on the non-textile side when
mated. Ring magnets on both sides help mate and secure the textile and non-textile side
connector. The circular/ring geometry enables non-directional mating between textile and
non-textile sides. As noted above, both buckle and snap textile-side assemblies were me-
chanically attached to the fabric using non-conductive stitching with 27-tex cotton-poly
spun thread (see Figure 5d).

To evaluate the mechanical strength of the three interconnects, the MTS Q-test ma-
chine (Berlin, Germany) was used. Under the standard ASTM D2261 [31] —Fabric Tongue
Tear Test setting [31] —the textile side connector (connector attachment site) was pulled
away from the textile cable on the textile substrate until separation. For accurate charac-
terization of interconnect strength, non-conductive stitches were not added. The test was
performed at an angle the same as the snap and buckle mating/unmating direction. The
conductive stitches gave the highest mechanical strength—217.06 N for buckle and 145.19
N for snap. This was because of the linear arrangement of interconnect holes in buckle
connector compared to snap connector design. For the other two interconnect methods,
i.e.,, conductive epoxy and solder, the forces were below 15 N. This low force was at-
tributed to the Cu wire in the textile data cable breaking and not the interconnects itself
[10].

2.3. Durability Assessment— Electrical Resistance and Impedance Measurement

Connector durability and performance were evaluated by measuring electrical re-
sistance and impedance. Both connector types along with the three interconnects were
subjected to 5000 mating/unmating cycles at three different force levels (low, medium,
and high) to assess their robustness under realistic usage conditions. The mating/un-
mating of the connectors were performed using an Imada ZTS-11 digital force gauge
(Aichi, Japan) mounted on an Imada MH2 horizontal motorized test stand. The setup au-
tomatically cycled connectors through 5000 mating/unmating cycles at 300 mm/min while
recording peak forces. This same equipment was used to measure (or quantify) the low,
medium, and high magnetic forces of the magnets, as described in Sections 2.1.1 and 2.1.2.
During this process, the connectors were separated while the digital force gauge recorded
the peak magnetic force. To provide practical context for interpreting durability, 5000 mat-
ing and unmating cycles were selected as a representative benchmark. Assuming a typical
use scenario where a wearable connector is mated and unmated twice per day (for exam-
ple, during wearing the garment, charging, or washing), this corresponds to approxi-
mately 6.8 years of use. For reference, the average lifespan of a textile product is around
1-3 years (German Environment Agency, 2022 [32]), suggesting that the tested connectors
would likely outlast the functional lifetime of the garment itself. Depending on the fre-
quency of use, 5000 cycles would correspond roughly 13.7 years with one cycle per day,
3.4 years with four cycles per day, or 1.4 years with ten cycles per day.

Electrical resistance and impedance were measured by soldering hook-up wires to
the Cu wires in the textile data cable and the corresponding non-textile connectors to en-
sure stable electrical contact during measurement. Resistance was recorded with a
Keysight U1231A multimeter (Santa Rosa, CA, USA) at 0 and every 1000 cycles for all
channels in the mated position. A full factorial analysis of variance (ANOVA, conducted
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in JMP Pro 18, Cary, NC, USA) examined the effects of mating/unmating cycles, connector
type, interconnect method, and force level on resistance. Significance was set at p < 0.05.
Impedance magnitude across 100 kHz (100,000 Hz)-1 MHz (1,000,000 Hz) was measured
using a calibrated Gamry Potentiostat (Philadelphia, PA, USA), aligned with USB 2.0 and
I2C protocol specifications. Impedance was measured every 1000 cycles from 0 and 5000
with the connectors in the mated position. The USB 2.0 protocol was chosen due to its
widespread usage, familiarity, and compatibility with various devices [33]. Additional
setup details and measurement protocols are available in our previous work [9].

3. Results and Discussion

This section analyzes the durability and electrical performance of two removable
magnetic connectors —buckle and snap —integrated onto textile substrates using three in-
terconnect methods: conductive epoxy, conductive stitches, and solder. The results are
presented in two parts. The first part focuses on electrical resistance, and the second part
investigates whether the trends observed in resistance measurements are consistent with
impedance magnitude data, providing a complementary frequency-dependent perspec-
tive on electrical performance. Together, these analyses offer comprehensive insights into
the durability and reliability of textile-mounted detachable connectors.

3.1. Electrical Resistance

Both connectors survived during 5000 mating/unmating cycles. Figure 6 illustrates
the change in electrical resistance for each connector type. Overall, resistance increased
with the number of cycles, with a more noticeable rise after 3000 cycles in some intercon-
nects. Epoxied interconnects exhibited slightly lower resistance, while stitched and sol-
dered interconnects showed similar but higher resistance, especially beyond 3000 cycles.
Resistance remained consistent across all applied force levels for both connectors.
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Figure 6. Resistance changes and resulting regression models in buckle and snap connectors from

using three force levels (low, medium, and high) across the three interconnect methods (conductive

epoxy, conductive stitches, and solder) at every 1000 mating/unmating cycle.

The full factorial ANOVA, which considered mating/unmating cycles, connector

types, interconnect methods, and force levels, revealed the most dominant effects of mat-

ing/unmating cycles and its interaction (p <0.0001) on resistance. The notable degradation

was captured with each 1000 cycles interval. Although resistance significantly increased,

it stayed below 1.6 (), indicating mechanical wear without substantial degradation in elec-

trical performance. All other main effects and interaction effects were found to be insig-

nificant.

To further interpret the degradation behavior, the resistance trends were analyzed

for their mathematical relationship (fitted equations) as shown in Figure 6. The analysis
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revealed that the increment follows a polynomial trend, with the coefficient of determina-
tion (R?) values close to 1, confirming an excellent fit of the polynomial model. Using these
fitted equations (different colors indicating the different interconnects), the number of cy-
cles at which resistance may exceed a certain resistance level can be predicted for both
connector types across all interconnect methods and force levels.

Since both connectors survived over 5000 cycles, their durability was evaluated and
compared only at 5000 cycles. Table 1 summarizes the ANOVA results for connector
types, interconnect methods, and force levels at 5000 cycles. All three main effects were
statistically significant. The interaction effect of interconnect methods and force levels was
significant and so was the interaction effect of all other variables, such as connector types,
interconnect methods, and force levels. Table 2 shows the Tukey’s Honestly Significant
Difference (HSD) report for the interaction effects between all three factors—connector
types, interconnect methods, and force levels.

Table 1. Effect tests for electrical resistance (* indicates statistical significance).

Degrees of Sum of . -
Source Freegom (DF)  Squares F Ratio  Probability > F
Connector Type 1 0.0239 41.5042 <0.0001 *
Interconnect Method 2 0.0913 79.1392 <0.0001 *
Force Level 2 0.0371 32.1372 <0.0001 *
Connector Type x Interconnect Method 2 0.0019 1.6719 0.2001
Connector Type x Force Level 2 0.0016 1.4145 0.2544
Interconnect Method x Force Level 4 0.0769 33.3603 <0.0001 *
Connector Type x Interconnect Method x Force Level 4 0.0105 4.5073 0.0040 *

According to Table 2, buckle connectors performed better than snap. This could be
due to the connector design. As illustrated in Figure 7a,b, the PCBs were inserted into pre-
arranged sites within the plastic housing that were leveled down for its thickness. In the
case of buckle connectors, the unmating load was oriented parallel to the plane of the
textile substrate (indicated by horizontal black arrow in Figure 7c). This level difference
securely locked the PCB in place (indicated by red dashed circle in Figure 7d), preventing
any movement resulting from repeated mating/unmating cycles. This design limited PCB
movement and protected the interconnects (indicated by orange lines in Figure 7) from
mechanical stress caused by repeated cycling.

Table 2. Tukey HSD connecting letter report for Connector Type x Interconnect Method x Force

Level (levels not connected by the same letter are statistically different).
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Average Resistance

Connector Type, Interconnect Method, Force Level Connecting Letters Report Q)
Snap, Solder, High A 1.5000
Snap, Conductive Stitches, Medium A B 1.4967
Snap, Conductive Stitches, High A B 1.4900
Snap, Solder, Medium A B C 1.4867
Snap, Conductive Stitches, Low A B C 1.4867
Snap, Solder, Low A B C D 1.4733
Buckle, Conductive Stitches, Low B C D E 1.4325
Buckle, Conductive Stitches, High C D E F 1.4200
Buckle, Solder, Medium C D E F 1.4200
Buckle, Conductive Stitches, Medium C D E F 1.4167
Buckle, Solder, Low D E F 1.4133
Buckle, Solder, High E F 1.4000
Snap, Conductive Epoxy, Low F G 1.3533
Snap, Conductive Epoxy, Medium G H 1.2833
Buckle, Conductive Epoxy, Low H 1.2533
Buckle, Conductive Epoxy, Medium I 1.1667
Snap, Conductive Epoxy, High I 1.1300
Buckle, Conductive Epoxy, High | 1.1125

In contrast, the load was applied perpendicularly to the plane of the textile substrate
to detach non-textile from textile side of the snap connector (indicated by vertical black
arrow in Figure 7e). As a result, the level difference did not function as a mechanical fix-
ture to protect the PCB from dislocation. This had the PCB on the textile-side connector
solely relying on the interconnects to resist against the unmating force. The repeated mat-
ing/unmating cycles subjected the interconnects to significant mechanical stress resulting
in relatively higher electrical resistance. This phenomenon likely explained why snap con-
nectors exhibited higher resistance compared to buckle connectors and hence did not per-
form as well as the buckle connector.

To address this concern in future designs, the snap connector could be modified to
include an additional guide or slot (indicated by red dashed circle in Figure 7f) that would
restrict the vertical movement of the PCB, thereby preventing mechanical stress from be-
ing concentrated solely on the interconnects. This might influence other configurations in
connector design and production, but the enhancement is expected to improve the perfor-
mance and durability of snap connectors under repeated mechanical loading cycles.
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Figure 7. Textile side (a) buckle and (b) snap connector design along with (c) mating direction of
buckle (horizontal arrow) and its (d) cross-section; and (e) mating direction of snap connector (ver-

tical arrow) and its (f) cross-section.

Conductive epoxy performed significantly and consistently better than both conduc-
tive stitches and solder (Table 2). This may be attributed to the flexibility and strong ad-
hesion of epoxy, which likely maintained better contact integrity over repeated cycles,
compared to the rigid nature of solder and the potential displacement or loosening of con-
ductive threads due to vibrations from connector mating and unmating. There was no
statistically significant difference between the performance of conductive stitches and sol-
der, possibly because both methods are susceptible to mechanical wear at the contact
points, as sewn threads can shift or fray under stress, while solder joints can crack or fa-
tigue locally over time, therefore resulting in similar levels of electrical degradation dur-
ing repeated cycling.

Table 1 shows that the force level had a statistically significant impact on the re-
sistance of the connectors. A significant difference was found particularly between the
high and low force levels. The assumption was that higher mating force could signifi-
cantly improve electrical contact, resulting in lower resistance. However, this was only
true in the case of conductive epoxy but not conductive stitches and solder. The low re-
sistance due to high mating force can be attributed to the enhanced physical interface be-
tween the connector terminals and the epoxy interconnects, reducing micro-gaps and con-
tact resistance. Additionally, higher force may help overcome minor surface contaminants
or irregularities, leading to more consistent and stable electrical pathways.

While the interaction of connector types with either interconnect methods or force
levels was not statistically significant, the interaction between interconnect methods and
force levels was. The lack of significance in the interactions involving connector types sug-
gests that the connector design (buckle vs. snap) influenced performance consistently
across different interconnect methods and force levels, without strong dependency on
specific combinations. In contrast, the significant interaction between interconnect meth-
ods and force levels indicates that the effect of mating force on electrical resistance depend
heavily on the type of interconnect used.

Conductive epoxy was more sensitive to changes in mating force. For instance,
higher force significantly improved the contact quality for epoxy by enhancing adhesion
and reducing contact resistance, whereas the performance of conductive stitches and sol-
der remained relatively unaffected by force due to their inherent mechanical limitations.
These limitations arise because conductive stitches involve threads that can shift, loosen,
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or stretch with repeated movement, reducing the effectiveness of additional force to im-
prove contact. Similarly, solder joints, while rigid, are brittle and prone to cracking or fa-
tigue under mechanical stress, so increased pressure cannot restore lost electrical path-
ways. Notably, conductive epoxy at low force still outperformed the high-force versions
of both stitches and solder. This differential response resulted in a significant interaction
effect between interconnect method and force level.

The three-way interaction among connector types, interconnect methods, and force
levels was also significant. From Table 2, the best-performing combination was the buckle
connector with conductive epoxy under high mating force. However, it is worth noting
that under high force and with conductive epoxy, the snap connector’s performance was
comparable to that of the buckle connector. This supported the explanation that the high
mating force applied in this scenario helped compensate for the absence of mechanical
fixture in the snap connector holding the PCB in place by improving the contact interface
through increased pressure. Additionally, conductive epoxy’s flexible and adhesive prop-
erties likely enhanced the electrical contact quality despite mechanical stresses, effectively
reducing resistance even when the connector design was less optimal. Thus, the combina-
tion of high force and conductive epoxy mitigated some of the mechanical disadvantages
inherent to the snap connector, resulting in performance similar to that of the buckle con-
nector under these conditions.

3.2. Electrical Impedance

The magnitude of impedance was measured across the frequency range of 100 kHz
(100,000 Hz) to 1 MHz (1,000,000 Hz) for both buckle and snap connectors throughout 0
to 5000 mating/unmating cycles. The experimental outcomes were not much different
from those of resistance. As illustrated in Figure 8, the impedance increased steadily with
the number of cycles for both connector types. This rise is attributed to mechanical degra-
dation from repeated cycling, thereby increasing electrical impedance, similar to the re-
sistance changes discussed earlier in Section 3.1. Among the interconnect methods, con-
ductive epoxy showed consistent and gradual increase in impedance over time with pro-
gressive wear. Conductive stitches and solder exhibited occasional irregularities, likely
due to fluctuations in contact quality while measuring impedance or visible degradation
around 3000 cycles, similar to what was seen in the resistance (Figure 6).

When evaluating the influence of mating force, no clear trend emerged across the low,
medium, and high force levels for any interconnect type, as also noted in [10]. This may
be because, although higher mating force can improve conductive contact by increasing
interface pressure, it might simultaneously accelerate mechanical wear, thereby offsetting
its benefits. Based on results from electrical resistance, only the data from high-force level
was used for analysis.

At 5000 cycles and high-force conditions, snap connectors with epoxied and stitched
interconnects exhibited higher impedance magnitudes than buckle connectors of the same
interconnect methods. These results align with earlier resistance findings, especially with
conductive epoxy, and further support the conclusion that buckle connectors offer slightly
better overall performance than snap connectors.

Beyond electrical performance, the direction of engagement relative to the fabric
plane influences the user experience. Magnetic snap connectors mate and unmate perpen-
dicular to the fabric surface, whereas magnetic buckle connectors operate parallel to it.
Snap connectors may be advantageous for compact wearable systems such as wristbands
or modular sensor units where quick, intuitive attachment is important. In contrast,
buckle connectors may be more suitable for applications like heated garments or medical
wearables that require stable alignment and distributed contact pressure across a larger
area. Therefore, the selection between snap and buckle connector designs should consider
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not only electrical performance but user experience and comfort in the intended applica-

tion.
— 0 Cycles — 1k Cycles 2k Cycles — 3k Cycles —— 4k Cycles 5k Cycles
Buckle Snap
Epoxy Sewing Solder Epoxy Sewing Solder

Impedance Magnitude (£2)

e
=Y

0.4+

YH

0.0 T
500,000

1,000,000

500,000 1,000,000 500,000 1,000,000 500,000 1,000,000 500,000 1,000,000 500,000 1,000,000

Frequency (Hz)
Figure 8. Impedance magnitude of buckle and snap connector across the three interconnect methods
(conductive epoxy, conductive stitches, and solder) at every 1000 mating/unmating cycles starting

from 0 up to 5000 at high force level.

4. Conclusions

This work presented the development and evaluation of two removable magnetic
connectors, buckle and snap, integrated onto textile substrates using three interconnect
methods, conductive epoxy, conductive stitches, and solder. To assess durability and elec-
trical performance, the connectors were subjected to 5000 mating/unmating cycles under
low, medium, and high force levels. Both connector types showed mechanically and elec-
trically robust performance, withstanding all 5000 cycles. However, resistance and imped-
ance magnitude increased significantly at each 1000 cycles interval due to mechanical
wear. However, both connector types showed mechanically and electrically robust per-
formance, withstanding 5000 cycles. All resistance and impedance values remained below
1.6 O, indicating no severe electrical degradation.

Buckle connectors generally outperformed snap connectors, likely due to their struc-
tural design, which reduced mechanical stress on the interconnects. Among the intercon-
nect methods, conductive epoxy consistently showed better performance than conductive
stitches and solder, with a slower and more stable degradation. Higher mating force re-
duced resistance, particularly for conductive epoxy, by improving electrical contact. This
effect was minimal with conductive stitches and solder. Impedance measurements con-
sistently supported these resistance findings.

For future work, the wash durability of the textile-side connectors will be evaluated,
since the interconnects permanently attach the connector to the fabric and must endure
repeated laundering. The connectors will also be integrated into functional garments for
specific applications to assess their performance after defined wear and wash cycles. Fur-
thermore, alternative materials such as flexible 3D-printed polymers will be investigated
for the connector body to enhance mechanical compliance and wearer comfort. These
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studies will provide valuable insights into real-world functionality and support the con-
tinued optimization of connector design and materials for practical wearable textile ap-
plication.
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